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The filtration of aerosol oil mists from air is a prerequisite for many industrial 
processes, and it is also important to the environment as well. This PhD thesis 
focuses on development of systemic understanding about how fibrous filters 
with different super-wettability features affect the aerosol oil-mist filtration 
performance. It is based a hypothesis that surface wettability should affect 
oil mist coalescence and accumulation within filter, hence altering filtration 
characteristics. The major findings of this PhD project are outlined below:  
Superoleophobic effect of fibrous filters: Convectional filters for oil-mist 
filtration chiefly use fibrous filters, which have inadequate efficiency for small 
oil mists (e.g. size <1 µm). Increasing the filter thickness, though leading to 
increases of filtration efficiency, would results in increase in increase of air 
flow resistance hence energy consumption. In this study, superoleophobic 
treatment of a commercial fibrous filter was found to significantly improve 
the efficiency for separation of small oil mists from air without apparently 
increasing the air flow resistance. A wet chemical coating method was 
employed to apply a perfluoroalkyl acrylic copolymer on the filter. The 
coating shows very little effect on the porous feature and air permeability of 
the fibrous filter. For the filter of thickness 1.12 mm after superoleophobic 
treatment, the filtration efficiency for small oil mists (size 0.01 - 0.8 μm) 
increases from 96.40% to 99.44%, whereas the pressure drop is increased 
only by 6% but the downstream oil mist content is reduced by 85%. For large 
oil-mists (size 0.5 - 20 μm), the superoleophobic filter has almost 100% 
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filtration efficiency with downstream mist subsided close to zero. A “bounce-
collide-drain” mechanism was proposed to explain the improvement of the 
filtration performance.  
Fibrous filters with thickness-direction asymmetric wettability: 
Conventional aerosol filters typically have homogeneous wettability with 
limited filtration ability especially for small oil mists. It remains a challenge to 
develop effective filter materials that can effectively remove oil mists from 
air at a low flow resistance. In this study, a novel concept about improving oil 
mist filtration efficiency without apparently increasing pressure drop using a 
fibrous filter with asymmetric wettability across the thickness is 
demonstrated. Dip-coating and single-side electrospraying are used to make 
fibrous filter have a homogeneous superoleophobicity or directional oil-
transport function. When the two treated filters are combined together, they 
show a filtration efficiency as high as 99.45% for small oil mists and nearly 
100% for large oil mists with a pressure drop of 9.29 kPa. With the same 
thickness and fibrous structure, the directional oil-
transport/superoleophobic filter has higher quality factor than those with 
homogeneous oleophilic, superoleophobic, and asymmetric wettability of 
other superoleophilic/superoleophobic combinations, for both small and 
large oil mists.  
Fibrous filter with in-plane superoleophobic/superoleophilic patterns: 
Fibrous filters with in-plane superoleophobic and superoleophilic strip 
patterns were prepared to observe how in-plane imbalanced wettability 
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affect oil mist filtration. Using a commercial aerosol oil mist filter as a model, 
and a wet chemical coating method, it is shown that in-plane 
superoleophobic-superoleophilic strip patterns can significantly reduce the 
pressure drop of single layer filter but slightly reduce the filtration efficiency. 
When two layers of the patterned filters were packed with the 
superoleophobic and the superoleophilic strips overlapping between the 
layers, they maintained the low pressure drop meanwhile showed improved 
filtration efficiency. The pattern strip widths influence the filtration 
performance. The sample with superoleophobic and superoleophilic strip 
width both 5 mm show the best performance, being 50% reduction in 
pressure drop and slightly improved in filtration efficiency when compared 
to its control counterparts that have either homogenous superoleophobic or 
a homogenous superoleophilic surface. Such a remarkable improvement in 
filtration behavior is originated from the improved wicking capability not only 
within the superoleophilic zones, both also from the surrounding 
superoleophobic zone, as well as the unobstructed flow channels within the 
superoleophobic zones.  
These novel findings may open up novel applications of superoleophobicity, 
superoleophilicity, directional oil transport and in-plane wicking for gas/oil-
mist separation.  
The thesis consists of seven chapters. Chapter 1 is the introduction of the 
whole thesis, including research projects, knowledge gaps, specific aims and 
thesis outline. Chapter 2 reviews the background knowledge and research 
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progress in super-oil-wettability, imbalanced wettability and aerosol oil-mist 
filtration. Chapter 3 provides detailed information about the materials and 
instruments, as well as the experimental approaches and characterization 
methods. Chapter 4 to 6 are main research chapters. Chapter 4 presents 
detailed results about the preparation and characterization of 
superoleophobic fibrous filters and their improvement of oil-mist in filtration 
performances. Chapter 5 reports a fibrous filter with thickness-direction 
asymmetric wettability and the high-efficiency low-resistance oil-mist 
filtration performances. Chapter 6 describes the low flow resistance achieved 
by in-plane wicking superoleophobicity/ superoleophilicity strip patterns and 
their role in oil-mist filtration. Chapter 7 summarizes the main conclusions 




Chapter 1.  Introduction 
1.1 Significance of this work 
Aerosol oil mists are generated in many industrial processes. They can cause 
serious problems such as erosion, corrosion, wear, clogging, leakage, 
contamination in machinery and extra energy consumption, but also a 
pollution to the environment.[1]  Removal of oil mists from air or a particular 
gas is a prerequisite process for compressed air production,[2] 
dehumidification, natural gas transmission,[3] engine crankcase ventilation,[4] 
propane (LPG) and hydrocarbon production, high volume air samplers, 
respirators, clean room filters and engine exhaust filters,[5, 6] which involve a 
number of application areas including aerospace, automotive, engineering 
and manufacturing, electronics, food and beverage, hospitals/medical, 
mining, pharmaceuticals, energy generation, everyday life and many more. 
Filters for aerosol-mist removal are chiefly based on a “coalesce mechanism” 
in which oil droplets are captured with continuous clogging. They are usually 
made of fibrous materials[7] owing to the small pore size, large surface area, 
well-interconnected pores, favorable flexibility, and three-dimensional 
texture.[8, 9] Despite the fact that many fibrous filters have been developed 
for aerosol-mist filtration, glass fiber nonwovens predominate in the filter 
products because of the higher efficiency, longer lifetime and lower energy 
consumption. Most of the fibrous filters have either large pressure drop, 




The previous studies about improving filtration performance have focused on 
filtration materials or fibrous structure, with less attention paid towards 
surface property. It is straightforward that filters with smaller pores are 
expected to have higher filtration efficiency for small oil mists. Nanofibers 
were also employed to enhance the filtration efficiency. However, extra small 
pore size and fine fibers brought about excessive pressure drop during the 
filtration process.[12, 14] Furthermore, reducing filter pore size typically leads 
to higher air-flow resistance, [15-17] which not only reduces flow speed but also 
increases energy consumption for gas transport. In addition, oil droplets 
accumulated in the filter media of smaller pores tend to be blown off into 
downstream flow, reducing oil mist filtration efficiency. High efficiency, low 
energy consumption aerosol-mist filters are highly desirable but remain a 
challenge to develop.  
With the recent development in surface science and engineering, 
superwettability surfaces have been shown many novel properties and broad 
potential applications. However, little attention has been devoted to using 
superwettability to improve oil mist filtration capability.    
This PhD thesis aimed to develop systemic understanding on how fibrous 
filters with super-wettability affect the aerosol oil-mist filtration performance. 
It is based on the general hypothesis that making commercial fibrous filters 
have a superwettability surface will significantly alter their filtration 
performance, hence offering opportunities to attain high efficiency low 
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resistance filtration. The knowledge gaps and specific aims are described 
below.  
 
1.2 Knowledge gaps and special aims 
Gap 1: Little knowledge has been developed on how super non-wettable 
surfaces affect the filtration performance of the fibrous filters 
The majority of filters in use today are made up of oleophilic (i.e. oil wettable) 
fibres, which have inadequate efficiency for small oil mists (e.g. size <1 µm). 
Thicker filter mats are applied to increase filtration efficiency, but they not 
only consume more filter materials but also increase energy cost due to the 
increased air flow resistance. The filters will rapidly become clogged with oil 
during the filtration process, causing an increase in pressure drop and a 
decrease in filtration efficiency.[18] They are assembled by overlapping several 
layers of fibrous membranes together into a circular or a rectangular shape. 
Sandwiching metallic mesh with fabrics in laminar structure was also 
employed. Flow resistance raised up with increasing filter thickness, which is 
contrary to the purpose of filtering.  
Fiber wettability is a significant property affecting oil mist filtration and liquid 
disposal.[19-21] It was reported that lowering oil wetting ability on fibers could 
reduce oil re-entrainment into the downstream.[19, 20] Filters with better 
wettability lead to less increase in flow resistance but non-effective in 
filtration efficiency enhancement as well. [13, 22, 23] Filters with better liquid 
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repellecy increase the filtration efficiency but also bring about higher 
pressure drop. Extreme surface wettability including superoleophobic and 
superoleophilic surfaces might play a critical role in determining liquid-fibre 
interaction, droplet coalescence and fluid transport within the fibrous matrix. 
There exists very few of study about how the extreme wettability affects 
filtration performance. 
Gap 2: Lack of knowledge on filtration performance of the fibrous filters 
with asymmetric wettability.  
Recently, considerable progress has been made in the study of asymmetric 
wettability within porous media. Directional fluid transport allows fluid 
transport in single direction across the thickness, but not in reverse way 
unless an extra force is applied.[24] Such an unusual property is driven by 
asymmetric wettability. Directional fluid transport porous media have shown 
potential applications in functional textiles,[25] oil-water separation,[26] 
surface tension sensors,[27] fluid valve,[28, 29] biological membranes[30] and fog 
harvesting[31]. Filter materials with directional liquid transport could guide 
the collected oil mists to desired disposal route and do not clog on the top 
layer. This is expected to improve the seperation efficiency and lower the 
flow resistance during filtration process. However, how directional fluid 
transport affects oil mist filtration has not be reported. 
Gap 3: Limited research on the effect of in-plane 




Apart from surfaces with homogenous superwettability, “in-plane” 
combination, in which different wettability features are arranged in the same 
plane, is another important way to combine different wettability features 
within a fibrous structure. Liquid repellent functional properties are provided 
by phobic region, and the philic part maintains the fibrous material wettable, 
soft with low flow resistance.[32] 
Recently, in-plane anisotropic wetting has shown many novel applications, 
including external tunable sticky-to-slippery surface,[33], autonomous 
capillary flow,[34] selective wetting pattern for flexible color filter 
manufacturing,[35] droplet selective sensor, [36] liquid lens, [37] self-clean, [38] 
oil-water separation, [39] droplet guiding track,[40] fog harvesting,[41], effective 
water collection [42]. However, the role of in-plane anisotropic wetting who 
act as built-in capillary channels in oil mist filtration has not been reported.  
 
According to the knowledge gaps, the PhD project will focus on the following 
three specific aims: 
Aim 1: To examine the influence of superoleophobic and superoleophilic 
coatings on the filtration performance of fibrous filter materials.  
Filter materials with a superoleophobic surface are prepared through a wet 
chemical coating method using a surface coating technology. The 
superoleophilic surface could be accomplished by increasing the surface 
energy. The influence of super-wettability on oil filtration performance is 
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examined via filtration test using a purposed build filtration system. The filter 
superoleophobicity was proposed to remove the small oil mists (size 0.01 - 
0.8 μm) effectively. 
Aim 2: To elucidate the effect of directional oil transport on oil mist 
filtration. 
Filters with asymmetric wettability across the thickness are prepared by an 
electrospraying method. As these filters have apparently different filtration 
performance when testing from two sides, directional oil transport function 
and combined dual-layer filters are selected to be studied. The one way oil 
transport ability is expected to guide fluid transport to a specific layer, which 
enhances droplet coalescence and drainage. The study would also involve the 
discussion of pressure drop, quality factor and the filtration mechanisms. 
Aim 3: To examine in-plane superoleophobic/ superoleophilic patterns on 
oil mist filtration. 
In-plane superoleophobic and superoleophilic patterns are prepared on a 
glass fiber filter. A facile two-step method, superoleophilic dip coating 
followed by spray coating is employed. The effect of opposite 
superwettability on oil mist filtration and its mechanism is examined.  
 
1.3 Thesis outline 
The thesis consists of 7 chapters as outlined below: 
Chapter 1 is the introduction of the whole thesis. 
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Chapter 2 summarizes the literature review and background knowledge on 
research progress in super-oil-wettability, imbalanced wettability and 
aerosol oil-mist filtration. 
Chapter 3 introduces the materials and instruments, as well as the 
experimental approaches and characterization methods. 
Chapter 4 is a research chapter showing detailed results about the 
preparation of superoleophobic fibrous filters, surface wettability, 
morphology, and durability and effective improvement of oil-mist in filtration 
performances. The effect mechanism is also proposed. Chapter 5 reports a 
novel concept of high-efficiency low-resistance oil-mist filtration using 
fibrous filters with thickness-direction asymmetric wettability. Results about 
directional oil transport filters combined with homogenous 
superoleophobicity filters were also reported. Chapter 6 provides detailed 
results on the effect of in-plane superoleophobicity/superoleophilicity 
patterns on oil-mist filtration performances of fibrous filters.  
Chapter 7 summarizes the main conclusions obtained from this research 




Chapter 2. Literature review 
2.1 Fibrous materials with superoleophobicity and superoleophilicity 
2.1.1 Fundamental understanding 
2.1.1.1 Surface wettability  
Wettability is one of the crucial characteristics determining material surface 
property. Wettability plays an essential role in materials design, manufacture, 
application and performance, and it has already cause for critical concern. As 
shown in Table 2.1, the wetting and non-wetting behaviour of liquids are 
defined.  
 
Table 2.1 Contact angle and surface wettability 
 Contact angle Degree of wetting 
 
θ = 0° Perfect wetting 
 
0° < θ < 90° High wettability 
 
90° ≤ θ ≤ 180° Low wettability 
 




Surface wettability is the ability of a liquid contact with a solid surface, it will 
either remain spherical shape or spread out on the surface. The wetting 
behaviour of surfaces by a liquid is decided by the surface tension of the liquid 
who will contact with and the surface roughness of the substrate. The degree 
of wetting is represented in contact angle.  As a liquid droplet contacts the 
materials surface, it will remain as a droplet in low wettability, whose contact 
angle is above 90°.  Alternatively, liquid will spread out on the surface and 
form a continuous thin film in good wettability (contact angle below 90°). For 
instance, water has a relatively high surface tension (72.8 mN/m), so it 
promotes to wet the surfaces with higher surface energy.[43] Otherwise, the 
droplet will remain truncated spherical shape with contact angle larger than 
90°.  
2.1.1.2 Contact angle and Young’s equation 
Contact angle (CA, θ) is an essential index applied to determine the wetting 
behaviour of solid surface [44]. The contact angle, as shown in Figure 2.1a, is 
determined by the resultant between adhesive and cohesive forces, which is 
defined as the angle between the liquid-solid interface and the liquid-vapour 
interface. Wetting happens when adhesive force is more powerful than the 
cohesive force, which means the liquid-solid interaction is stronger than the 
liquid-liquid interaction. Otherwise, liquid will not wet the surface when 




Figure 2.1 Schematic illustration of (a) definition of contact angle and (b) 
wettability of flat surfaces [46]. 
 
Young’s equation has been applied as a basic model to describe the 
relationship between surface free energy and contact angle [47]. This equation 
has limited working condition to a rigid, perfectly flat, insoluble, non-reactive 







cos                              (Equation 2-1) 
where θ is the contact angle, and LVSLSV  ,, stand for different surface 
tensions between various interface (solid-vapour, solid-liquid, and liquid-
vapour) in the system [48]. The contact angle of Young’s equation is a 
consequence on the basis of thermodynamic equilibrium of surface free 
energy on the vapour-liquid-solid interface [49].  However, this equation has 
limited working condition to a rigid, perfectly flat, insoluble, non-reactive and 
chemically homogenous surface that is an ideal surface.  Normally, there are 
almost few solid surfaces showing ideally flat, smooth and rigid, in realistic. 
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The surface roughness should be taken into consideration during the 
evaluation of surface wettability. 
Young’s equation gives an elementary idea to determine the wettability of an 
ideal surface[50]. Wenzel model and Cassie-Baxter model were then applied 
to elucidate the contact angle of non-ideal rough surfaces. The Wenzel model 
(Figure 2.2a) works on the surface with roughness, the liquid droplet fit inside 
the grooves of the rough surface. The Cassie-Baxter model (Figure 2.2b) is 
applied on the surface with chemical heterogeneity. Both models have been 
widely used to analyse the surface wettability [51]. 
 
Figure 2.2 Schematically representation of the (a) Wenzel Model, the water 
droplet penetrates the protuberances and down to the surface, and (b) 
Cassie-Baxter Model, the water droplet stays on top of the structures and 
retains its shape [52]. 
 
These two theories are describes the impact of surface roughness on liquid 
repellent property [53]. The Wenzel model (Figure 2.2a) assumes that when a 
liquid droplet contact with a surface consisting of protrusions, the liquid will 
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fill the vacancy from open space [54]. The reinforcement of hydrophobicity and 
hydrophilicity by surface roughness are both predicted in this model. The 
Cassie-Baxter model considers that a heterogeneous surface microstructure 
which is made up of solid protrusions and air (as shown in Figure 2.2b). The 
critical conception is shown in figure 2.3b. The spaces around protuberances 
remain filled with air and the droplet rests on the top of the surface [55]. The 
Wenzel and Cassie-Baxter models represent a static droplet at equilibrium 
state, and make it possible on calculation of the contact angle in two different 
conditions [52]. 
2.1.1.3 Sliding angle and contact angle hysteresis 
Sliding angle is defined as the inclined angle between the horizontal plate and 
the substrate when the liquid droplet with certain weight starts to roll off 
from the substrate as shown in figure 2.3. Surfaces with high contact angle 
do not fix with sliding angle [56, 57]. The drop mobility is determined by drop 
adhesion force and external force.[58]  For instance, a fluoropolymer 
hydrophobic surface whose  water contact angle is 117° shows higher sliding 
angle than other hydrophobic surface whose water contact angle is 102°[59, 
60]. Therefore, while studying of liquid repellence, the contact angle might not 
enough to describe the surface wettability, and the sliding property of the 
liquid droplets should be investigated separately [56]. As a result, super-liquid-
repellent not merely requires a contact angle which is more than 150°, but 




Figure 2.3 Sliding angle. 
 
Contact angle hysteresis is happened as the droplet sticks on a tilted solid 
surface although the gravity is pulling it down.[62] When increasing the tilt 
angle or droplet size, the gravity will overcome the energy barrier and then 
the droplet starts to move. At this point, the sliding angle can be measured.  
2.1.1.4 Superwettability 
Inspired by the nature surfaces, super-wettability was investigated by 
researchers, that includes superhydrophobic, superhydrophilic, 
superoleophobic, superoleophilic, and etc. When a substrate shows contact 
angle above 150° to a liquid, it is called super-lyophobicity, super liquid 
repellence or super non-wetting (superhydrophobicity for water, or 
superoleophobicity for oil). Surface with low surface energy combined with 
micro/nano-structuring of materials leads to excellent anti-wetting 
properties, the liquid remains a droplet with little contact with the surface of 
the material [63].When the ability of liquid to lie on a surface with contact 
angle spread close to 0°, it is called super wettable surface (superhydrophilic 
for water, and superoleophilic for oil) [64]. The liquid stay as a film, rather than 
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in form of droplets is the definition of super-wettable surface which is one of 
the critical surface properties who plays an essential role in actual practices 
[65]. The relationship between four kinds of fundamental 
superwetting/antiwetting properties was shown in Figure 2.4. Surface with 
different wetting properties have been applied for self-cleaning [66], chemical 
and physical depositing process [67], adhesion and selective absorption[68], 
fluids transportation in micro-fluidic devices [69], anti-fogging [70], and 
development of bio-medical materials [71]. 
 
Figure 2.4 Schematically clarify the relationships between the four kinds of 
fundamental super-wetting and non-wetting properties [44]. 
 
 Superhydrophobicity in nature 
In nature, many plant surfaces and animal furs exhibit superhydrophobicity, 
while plenty of plant organs present superhydrophilicity. Inspired by these 
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natural examples, researchers designed super non-wettable and super 
wettable surfaces.  
Superhydrophobicity exists in natural as the surface has micro-/nano 
hierarchical structure cooperate with hydrophobic epicuticular wax 
crystalloids. The best-known example is superhydrophobic lotus leaf [44]. 
“Lotus effect” was first discovered by Barthlott and Neinhuis [72], on which 
water droplets could be in the form of nearly spherical shape and can roll off 
easily from the lotus leaves with sliding angle of lower than 10°. 
Superhydrophobicity exists due to the trapped air in the cavities of the 
convex structures.[73] The contact area between substrate and water is 
minimised while the air-water interface is enlarged by the hierarchical 
roughness.  
As shown in Figure 2.5, the lotus leave surface has fine-branched 
nanostructures at about 120 nm densely covered on the top of micropapillaes 
(about 10 µm). At the same time, hydrophobic cuticular waxes working 
together with the hierarchical structure lead to high contact angle and low 




Figure 2.5 Superhydrophobic lotus leaves. (a) Digital photos [75]. (b) SEM 
images in different magnification [72]. 
 
Other plants leaf, such as rice leaf, red rose petal and taro leaf, also have 
Superhydrophobicity. As shown in Figure 2.6, as the surfaces tilt in a mall 
angle, water droplets slide away fast, at this time, the dirt on surfaces could 
be removed together with water, this phenomenon is called self-cleaning [76].  
The leaf not merely has water repellent but also non-adhesive with respect 
to particulate contamination. The self-cleaning effect on plant leaf could 
protect the plant from the dust contamination, rain swash, and pathogens 







Figure 2.6 (a) Self-cleaning effect on lotus leaf. (b) Schematically illustration 
of self-cleaning mechanisms. 
 
Apart from plants leaves, many insects and animals in nature exhibit 
superhydrophobicity as well, e.g. water strider, cicada, butterfly wing, and 
duck feather [78, 79].  Water strider (Figure 2.7a) could stand naturally on water 
benefit from its non-wettable legs. The water strider has 6 legs. The 
maximum supporting force provided by a single leg is 152 x 10-5 N, which is 
about 15 times heavier than the weight of the insect [80]. Figure 2.7b 
illustrates the surface morphology of water strider’s leg. It has a hierarchical 
structure made up of numerous microscale needle-shaped setae, which are 
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consisted of oriented nanoscale grooves. The micro-/nano-scale structure 
cooperated with secreted wax is thought to be the reason of 
superhydrophobic water strider leg [44]. 
 
Figure 2.7 Digital photos and SEM images of the  surfaces of insects showing  
superhydrophobicity: (a - b) water strider leg [80], (c - d) cicada wing [79], and 




The special surface structural could also be found on butterfly and cicada [44, 
79]. The wing of cicada consists of periodic aligned nanoposts with embossed 
bases (figures 2.7c&d). The aligned nanoposts have diameters of about 70 
nm, and the distance between each column is about 90 nm [44]. The strong 
attachment between water droplets and surface is eliminated by the needle-
like structure. The regularly sculptured structure offers self-cleaning effect of 
the wing: contaminates left the wing surface with dew or water droplets [63].  
The multi-functional butterfly wings also have lots of inspiration to 
researchers, apart from long-term superhydrophobicity [82], they also have 
other functions, such as directional adhesion [83], structural colour [84], 
chemical sensing capability [85], and fluorescence emission [86]. Figures 2.7e&f 
illustrated the surface morphology of butterfly wings by SEM [81]. Highly 
ordered structures at both the micro and nano scale were reported to have 
superhydrophobicity. As the droplet appears on the wings, it could leave the 
surface in a certain direction [87].  
 
 Superhydrophilicity in nature 
Sphagnum (peat moss) could absorb water in a fast speed, which exhibits 
superhydrophilicity. As shown in Figure 2.8, it has a sponge-like surface with 
pore size of 10 to 20 µm. The pores make it possible have high water 
capability (20 times of their weight) and rapid absorption speed. [88] The 
functions such as rapid fog, dew and rain absorption, could also be found on 




Figure 2.8 (a) Digital photo of Sphagnum (peat moss). (b-c) SEM images of the 
peat moss: (b) bar = 200 µm[88] (c) bar = 5 µm [90]. 
 
Other natural surfaces, such as liverworts, Bromeliaceae [88], and Ruellia 
devosiana [91]  were also demonstrated to have superhydrophilicity. They can 
take up water and nutrients through the superhydrophilic surface, as well as 
improve the activity of plant photosynthesis. Carnivorous plants could 
capture insects through the wettable surface [73].  
 
2.1.2 Superoleophobicity 
Superoleophobic surfaces show CA greater than 150° to oils. Most of 
superhydrophobic surfaces are wettable to oils because oil liquids have lower 
surface tension than that of water (72.8 mN/m). Apart from the 
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superhydrophobic surfaces inspired by nature, the repellence of organic 
liquids who have apparently  lower surface tensions than that of water also 
required to be investigated. A significant progress has been made to develop 
the surfaces that can repel liquids with surface tension lower than 30 mN/m 
and has been used in plenty of applications.   
Superhydrophobic surfaces are easy found in nature, and inspired by those 
biomaterials, a great deal of superhydrophobic surfaces have been created 
[92].  Nonetheless, it is rare to find superoleophobic surface in nature, and it 
is much harder to fabricate superamphiphobic surfaces than 
superhydrophobic surfaces. 
Leafhoppers, such as Alnetoidia alneti, Athysanus argentarius and Cicadella 
viridis, were reported to have superoleophobicity by Gorb et al [93]. The 
surface free energies of these leafhopper wings are below 0.74 mN/m. They 
could repel water, diiodomethane and ethylene glycol. The wings are densely 
covered by the highly structured bronchosomes, who are produced by insects. 
The bronchsomes are moveable and erodible, which could protect the insects 
from contamination and predators capture. As shown in Figure 2.9a, the 
unique bronchsomes have honeycomb shape and hollow core of 200-700 nm 
in diameter. They offer protein based re-entrant curvatures [94], which 
composed of polar molecules. As a result, the bonchsomes are pretty 






Figure 2.9 Surface morphology of natural examples with superoleophobicity 
(SEM in different magnification). (a) Leafhooper [93] (b) springtail [96]. 
 
Another natural example of superoleophobic surface is springtail, which was 
reported by researches [97, 98]. The springtail was demonstrated to have 
superoleophobic surface, owing to the highly aligned structures and 
hexagonal patterns on its surface (figure 2.9b) [96]. It was found that the 
negative overhangs in appearance of the ridges and granules, who bring on a 
powerful pinning effect on the interface between liquid and skin surface. 
Therefore, the surface exhibit ultra-high energy barrier with enough 
roughness and cavities. They are able to repel both polar and non-polar 
liquids, for instance, water, methanol, ethanol, hexadecane and tridecane [78]. 
Benefit from the superoleophobic surface, the springtail fit the life in soil.  
2.1.2.1 Fabrication of superoleophobic surfaces 
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Inspired by nature examples, both chemical and topographical properties are 
important to determine the surface wettability [99]. According to Young’s 
equation, Wenzel and Cassie-Baxter models, it is harder to achieve surface 
repellent for liquids with low surface tension. 
Many effective methods have been employed on the preparation of 
superhydrophobic surfaces on fabrics. However, creating superoleophobic 
surfaces is more challenge than fabricating superhydrophobic surfaces due 
to the lower surface tension requirements. Oils and other organic liquids 
usually exhibit a lower surface tension [100]. For instance, the surface tension 
of some oil fluids is listed below:  
 γ for n-hexadecane(n-HDEC) is 27.47 mN/m, n-octane(OCT) is 21.62 mN/m, 
di-ethylhexyl sebacate (DEHS) is 32 mN/m[101]. For comparison, surface 
tension for water is 72.8 mN/m.[102] 
In the past decade, plenty of superoleophobic surfaces have been designed 
and created by the researches around the world.  The fabrication strategies 
could be summarized into 2 ways, which are top-down method, and bottom-
up method, as shown in Figure 2.10. In principle, low surface energy and 









Anodization method is used to treat the metal surface, an oxide film is formed 
according to the impressed anodic current in the electrolyte solution.  
Tsujii et al. first reported the superoleophobic surfaces on aluminium 
substrates in 1997 [103]. The rough aluminium surfaces were prepared by 
anodic oxidization method using sulfuric acid as electrolyte solution for 3 
hours. After getting enough surface roughness, the surfaces were covered 
with trifluoromethyl groups by treating them with fluorinated compounds. 
As a result, superoleophobic surfaces were achieved with contact angle of 
150° for rapeseed oil. The surface morphology and contact angle were shown 




Figure 2.11 Superoleophobic surfaces prepared by anodization method. (a-b) 
Superoleophobic aluminium surface: (a) surface morphology after anodic 
oxidization; (b) photo of rapeseed oil droplet on the superoleophobic surface. 
[103] (c-d) Superoleophobic Tisurface: (c) Schematically demonstration of 
electrochemical anodization method on titanium foil; (d) SEM images of 
anodized TiO2 nanotubes; (e) photos and CAs of droplets on prepared 
superoleophobic Ti foil. [104] 
 
TiO2 nanotube is a reasonable choice for superoleophobic treatment because 
it could facile cover the surface of Ti substrate entirely and tightly by 
anodization. A liquid repellent titanium surface was prepared by two step 
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electrochemical anodization method by Barthwal et al [104]. (See the 
superoleophobic surface in figures 2.11 c-e). The titanium foil was etched by 
electrochemical process in NaCl solution to achieve microstructured surface. 
After that, TiO2 nanotubes were grew on the as-prepared titanium foil via 
further anodization treatment. Furthermore, the prepared TiO2 nanotube foil 
was dip-coated in fluorooctyltrichlorosilane to reduce the surface energy. 
The treated foil had good durability with contact angle above 150° for 
different liquids (glycerol, ethylene glycol and olive oil).  
 Etching 
Etching is a facile and inexpensive method to increase the surface roughness. 
However, etching process might lead to fragile surface because the virgin 
surface was damaged in certain degree. A superoleophobic textured Al 
surface was prepared by Jin et al. based on simple etching and surface 
fluorination [105]. HCl etching and boiling water treatment were applied to 
achieve the hierarchical surface structure. As shown in Figure 2.12, the 
microstructures were covered with lots of nanoflakes, which came from the 
chemical etching between the initial native oxide layer and boiling water.  The 
textured surface also had plenty of pores and protrusions. After further 
surface fluorination, the surface showed excellent superamphiphobicity 
(both superhydrophobicity and superoleophobicity) which could repel many 




Figure 2.12 (a) FESEM images of Al surface after HCL etching and boiling 
water treatment. (b) Snapshots showing dropping hexadecane droplet on a 
slightly tilted superoleophobic surface. (c) Digital photos of various liquid on 




Other researches also demonstrated the superoleophobic surfaces from 
etching process. Ou et al. prepared a textured copper surface with 
superoleophobicity by two-step surface etching and surface passivation to 
minimize the surface free energy [106]. Ellina et al. investigated both random 
and aligned hierarchical structure by plasma etching on polymer surfaces, the 
treated surface showed super-oil-repellent property with CA of 142° to 
153°.[107].  
 Lithography 
Lithography is a realizable method to control the surface structure of the 
material.  Surface patterns in various sizes and shapes are attainable by this 
method. The template for lithography is simple to prepare, and it could be 
used periodically which lead to low cost.  
A superamphiphobic PMMA plates were prepared through colloidal 
lithography (ultraviolent nanoimprint lithography) of polystyrene 
microspheres and oxygen-plasma nano-etching. [108] As shown in Figures 2.13 
a&b, a hierarchical structure in triple-scale and re-entrant topography were 
achieved. The pillar arrays could be controlled in height, space, nanotexture, 
and diameter to get the optimal result. The treated PMMA (Figure 2.13c) 
showed CA of 168°/153° for water/diiodomethane after the colloidal 
lithography of 3 μm particles followed by 4.5 min anisotropic and 1.5 min 
isotropic plasma etching. The method was flexible, rapid, eco-friendly, and 




Figure 2.13 (a) Micropillars with triple scale hierarchical structure prepared 
by nanoimprint lithography. (b) Re-entrant topography of 3 μm PS colloidal 
microparticle lithography on PMMA surface. (c) Coloured water, soya oil and 
diiodomethane droplets on the prepared superamphiphobic PMMA surface. 
[108] 
 
 Femtosecond laser method 
Laser processing is a fascinating strategy for specific surface structure 
preparation which was explored recent years. It is an environmental friendly 
method to achieve surfaces with different wettability without hazardous.  
Laser processing is a straight-forward method to control the surface structure 
by varying the laser fluence, scanning speed, pulse number and etc.  
Femtosecond laser direct irradiation was applied to build superamphiphobic 
surface on PTFE substrates (water CA of 109° and oil CA of 61°).[109] The 
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chemistry of the irradiated sample was similar with the untreated one, but 
the surface morphology changed a lot. The laser beam (800 nm wavelength, 
300-fs laser pulses) was focused on PTFE surface without additional chemical 
treatment. As shown in Figure 2.14a, the dark parks was untreated PTFE 
substrates, and parallel arrayed micro grooves could be seen.  When the 
interval widths between micro-grooves was controlled above 10 µm, the 
droplets were easily roll off from the treated surface (water CA of 158.7° and 
oil CA of 153.4°, Figure 2.14 b).  
 
Figure 2.14 (a) Surface morphology of PTFE substrate after laser processing. 






 Dip coating 
Dip coating is a facile method in plenty of research and industrial fields, it is 
also effective in preparing the superoleophobic (superamphiphobic) surfaces. 
The method is simple, straight-forward, and cost efficient, because the 
sample is withdrawal in the solution for effective formation on the substrate. 
Surface tension, gravitational force and viscous drag are the main forces who 
dominate the dip coating process.  The method is suitable for multiple 
substrates, especially for flexible substrates, such as fabrics, thin films, and it 
is also available for bulk processing.  
Zhou et al. fabricated superamphiphobic polyester, cotton and wool fabrics 
via two-step dip coating method. [110] Silica nano-particle sol was co-
hydrolysed from tetraethylorthosilicate (TEOS) and FAS and dip coated on the 
fabrics. After that, second step dip coating involving PVDF-HPF/FAS in DMF 
solution was applied (Figure 2.15a). The treated sample exhibited CA of 172 °, 
165 ° and 160 ° to water, soybean oil and hexadecane as shown in Figure 
2.15b. Figures 2.15 c&d demonstrated the appearance of nanoparticle and 
PVDF-HFP coating on fibre after dip coating. It also available with excellent 
durability against laundry and abrasion, as well as self-healing ability against 




Figure 2.15 (a) Schematically illustration of two-step dip coating method. (b) 
Water, soybean oil and hexadecane droplets on coated superamphiphobic 
fabric surface. (c-d) TEM of coated sample in cross section view: (c) silica 
nanoparticle and (d) PVDF-HFP/FAS coating. [110] 
 
Wang et al. for the first time reported a durable and self-healing 
superamphiphobic surface on fabrics through dip-coating method.[111] The 
coating solution consist of fluorinated-decyl polyhedral oligomeric 
silsesquioxane (FD–POSS) and a fluorinated alkyl silane (FAS) in ethanol. As 
shown in Figure 2.16, the recovery happened for coated fabric after rinsing 
and heating, the contact angle restored above 150° and kept 
superamphiphobicity. The self-healing properties is capable against alkaline 





Figure 2.16 (a) Photos of dip-coated polyester fabric after immersing in 
alkaline solution and recovery after heating. (b) Photos of dip-coated 
polyester fabric after immersing in acid solution and recovery after heating. 
(c) CA of coated fabrics after 200 cycles of machine wash. (d) CAs change of 
coated fabrics after 20 kilo times abrasion cycles. [111] 
 
 Spray coating 
Spray coating is another unique technique to render surfaces with 
superoleophobicity. The coating thickness and solution loading amount can 
be controlled by this method. After spraying a copper perfluorooctanoate 
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suspension on different substrates,  the coated surfaces showed super liquid 
repellent property with CA of above 150° to a series liquids such as water 
ethylene glycol rapeseed oil, hexadecane and dodecane (as shown in Figure 
17a).[112] The surface topography can be controlled by sprayed-on mixture of 
fluorinated silica particles and fluoropolymer binder (Figure 17b). The 
combination of low surface energy materials, aggregate porosity, and rapid 
deposition via spray coating appears to prevent the buildup of binder in 
interstitial regions, preserving re-entrant curvature across multiple length 
scales and thereby enabling a wide range of liquid repellency. [113] 
 
Figure 2.17 (a) Digital photos of different droplets on superamphiphobic 
surface prepared by spray coating. Prepared sample floated on 
hexadecane.[112] (b) Relationship between surface tension and controlled FF-
Silica mass fraction. SEM image of FF-silica/fluoroelastomer composites at FF-





Electrodeposition is covering a metallic coating on a conductive material by 
immersing in a solution containing a salt of the metal with the help of electric 
current.  mBy varying the monomer structures as well as the electrochemical 
parameters, the surface structure can be adjusted. The substrate is overlaid 
by a metal layer. Researchers reported surfaces with superoleophobicity by 
electrodeposition short chain fluoropolymers (C4) on various substrates.[114-
116]  
 Sol-gel method 
Solid and porous materals can be fabricated from small molecules though sol-
gel method. Sol means the monomers convert into a colloidal solution, and 
act as the precursor for an integrated network (gel). Sol-gel method is a wet 
chemical approach which is available at room temperature. However, the 
process will take long time to be completed. 
The first superoleophobic surface prepared by sol-gel process was reported 
by Hayase et al.[117] The superamphiphobicity could be achieved by a 
marshmallow-like monolithic material with good flexibility. Vinyl-modified 
superhydrophobic monolithic gels was obtained by the sol-gel process, and 
then superamphiphobicity appeared after grafting perfluoroalkyl groups 
onto the porous structure to minimize the surface energy. The sample had 
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excellent liquid repellent against many kinds of liquids, as shown in Figure 
2.18.  
 
Figure 2.18 (a) The superhydrophobic marshmallow-like gel (MG1) and the 
superamphiphobic marshmallow-like gel (MG2). (b) SEM image of the 




Electrospinning is an outstanding strategy for micro/nano-fibre nonwoven 
production. The nanoscale fibre is produced by the application of strong 
electric force to overcome the surface tension of polymer solution. And then 
the charged jet of the solution is ejected from the tip, after evaporation of 
the solvent, the polymer fibre is left.[118] It is superior to other method due to 
the adjustable fibre diameter, high specific surface area and controllable 
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porosity. The method is also simple, low cost and available for bulk 
production.  
Wang et al. report a nanofibrous membrane prepared by electrospinning 
PVDP-HFP/FD-POSS/FAS in DMF/acetone solution.[26] The chemical 
structures were shown in Figure 2.19a, electrospinning process and resulted 
fibres were shown in Figures 2.19 b&c.  The prepared membrane showed a 
contact angle of 168°, 150°, and 146° for water, hexadecane and diesel and it 
can repel all liquids with surface tension above 27.5 mN/m (Figures 2.19 d&e). 
 
Figure 2.19 (a) Chemical structures used for electrospinning. (b) Setup of 
electrospinning technique. (c) SEM images of prepared nanofibers. (d) Digital 
photos of water and diesel droplets on nanofiber membrane. (e) Relationship 




Other bottom-up methods such as self-assembly, hydrothermal method, 
vapour deposition and template method were also been reported to 
fabricate superoleophobic surface. Superoleophobic surfaces could be 
achieved by these methods, but it is difficult to be applied in bulk processing 
industry, due to the limited producing condition and cost.  
Normally, bottom-up methods usually bring bought a random structure. The 
top-down methods are easily to control the surface topography, however, 
there have challenges on fabrication termination.  
2.1.2.2 Application of superoleophobic surfaces 
A great progress of practical applications has been made based on 
superoleophobic surfaces, for instance, oil-repellent coatings, self-cleaning, 
oil/water separation, oil droplet manipulation, chemical shielding, anti-
blocking, designing liquid microlens, oil capture, bio adhesion, guiding oil 
movement and floating on oil.  
A wide domain of applications are investigated on superamphiphobic fabrics. 
Multiple self-healing properties could be achieved on polyester fabrics who 
coated with FD-POSS dispersed in hydrolyzed FAS. It proved hopeful 
durability to acid, UV light, fastness to washing and abrasion. After surface 
damage and then heating applied for self-healing, the surface free energy 
reduce again as a result of  the molecular rotation and movement, the 
introduced polar groups while surface damage were hidden inside the 
coating layer, and more fluorinated alkyl chains were exposed to the surface 
to enhance the anti-wetting properties [26]. Anti-reflection, which is stable 
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against outdoor conditions, strong UV light, ozone and high temperature, as 
well as superamphiphobic properties with high optical transmittance could 
be obtained by coating with silicon nano-filaments and subsequent plasma 
fluorination[119, 120]. Corrosion resistance with high stability in harsh 
environments are also achieved to enlarge the working conditions of coated 
fabrics [120, 121]. Oil-water separation and oil capture are found as effective 
applications in the field of superamphiphobic and superhydrophobic fabrics 
[122, 123]. Another field that could not be neglected for superamphiphobic 
fabrics is their self-cleaning ability [124]. A high static contact angle and low 
sliding angle provide and advantage with repellence to both water and oil[125]. 
Furthermore, smart protective cloth, oil transportation, antistatic, abrasion 
resistance are also considered as potential application for superamphiphobic 
functionalized fabrics [126-128]. In this report, the application for 
superamphiphobic fabrics in aerosol-mist filtration is further discussed.  
 
2.1.3 Superoleophilicity 
Similar to superhydrophilic surfaces, superoleophilic are the material whose 
surface exhibits oil contact angles lower than 10°. Generally, existing 
methods emphasize the use of superhydrophilic chemistry in combination 
with hierarchical surface roughness to prepare superoleophobic surfaces in 
aqueous media. [129, 130] 
In most of cases, superhydrophilic and superoleophilicity are coexisting 
together, and the surfaces showed superamphiphilicity (e.g. being bother 
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superhydrophilic and superoleophilic) for a solid substrate who has 
micro/nano-hierarchical-roughness and very high surface free energy.[44] 
Surfaces with superamphiphilic properties have attracted lots of researchers 
over past few years on account of their significance for practical 
applications.[43] For instance, in textile applications, comfort, perspiration 
efficiency, and permeability could be enhanced by superamphiphilicity. 
Normally, two approaches are applied which are based on 2D or 3D capillary 
effect to prepare such surfaces.[131, 132] 
2.1.3.1 Fabrication of superoleophilic surfaces 
Superoleophilic surfaces have been fabricated on the wide variety of 
substrate materials such as silicon, textile, glass, aluminium, steel, copper and 
so on.[65] Many techniques have been carried out to fabricate a 
superhydrophilic surface through a combination of surface chemistry and 
rough structure. Various methods to fabricate superoleophilic surfaces, such 
as vapour deposition, phase inversion, ultrasonic spray pyrolysis, calcination, 
hydrothermal treatment, layer-by-layer assembly, electrochemical 
anodization, sol-gel, self-assembly, etching, electrospinning interfacial 
polymerization and solution coating. Each fabrication method has its own 
advantages and limitations. 
2.1.3.2 Application of superoleophilic surfaces 
Superoleophilic surfaces have a wide range of applications in both research 
and industrial field.  For instance, oil/water separation, waste water 
treatment, anti-bioadhesion, liquid painting and reprography, smart 
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microfluidic devices, bio-medical, anti-corrosive, anti-frosting pervaporation 
and other functional applications.[133]  
 
2.1.4 Asymmetric wettability/directional liquid transport 
Recently, considerable progress has been made in the study of spontaneous 
directional fluid transport within porous media. Directional fluid transport, 
also referred to as “one-way fluid transport”,[27, 134-136] “directional 
wicking”,[137, 138] “fluid diode”[28, 139-141] or “directional gating” [29, 142] in 
literatures, allows fluid transport in single direction across the thickness, but 
not in reverse way unless an extra force is applied.[143] Such an unusual 
property is driven by asymmetric wettability. Two main strategies have been 
developed to achieve directional transport function on fabrics, 1) 
superphobic-to-philic wettability gradient across thickness, 2) 
superphobic/philic dual layers between two sides.[24, 144] Technologies 
reported to prepare fluid liquid transport on fabrics include UV light 
irradiation, plasma treatment, single side deposition, gradual immersion and 
micro-printing.[25, 32] Directional fluid transport porous media have shown 
potential applications in functional textiles,[25] oil-water separation,[26] 
surface tension sensors,[27] fluid valve,[28, 29] fog harvesting,[31] and biological 
membranes.[30] The similar phenomenon of directional water movement 
governed by structure and surface properties has been found in human 
biological systems, plants and insects.[134]  
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As reported, few methods [145]have been worked out to prepare fabrics with 
one-way water transport property, and they mainly based on two aspects, 
which are creating a hydrophobic-to-hydrophilic property gradient through 
fabric thickness, and combining a layer of hydrophobic fibres with a layer of 
hydrophilic fibres within the fabric matrix. As shown in Figure 2.20a, Wang et 
al [119] first described a directional water transport fabric controlled by 
asymmetric wettability in 2010. A novel fabric with water breakthrough 
pressure difference through two sides was achieved and indicated that a 
wettability gradient from superhydrophobicity to hydrophilicity within the 
fabric matrix was the key factor attributed to directional water transport 
function. By combining sol-gel coating which was a photo catalytic hybrid 
coating solution from titanium tetraisopropoxide and tetrathylorthosilicate 
was under hydrolyse condition, with UV radiation process to form 




Figure 2.20 (a) still frames of a blue coloured water droplet on the untreated 
and treated fabrics: (top) dropped on the UV-irradiated fabric surface, and 
(bottom) dropped on the back side.[119] (b) Digital photo and SEM images of 
the dual-layer membrane. (c) water and diesel CA change on different 
membrane sides. [26] 
 
Besides the preparation strategy, mechanisms for directional liquid transport 
through fabrics has been proposed. There found 2 possible mechanisms: 
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water would drag from superhydrophobic surface unto the hydrophilic pore 
region; water evaporated and condensed through superhydrophobic pore 
surface and the hydrophilic pore region. The distinct capillary force generated 
in the hydrophilic layer of samples was agreed to be the primary power for 
liquid droplets to break through the hydrophobic barrier and spread into the 
hydrophilic layer[26]. Lately, a membrane with asymmetric water permeation 
gradient was fabricated by a novel template partial phase segregation 
method. The membrane was controllable either in mastering directional 
water transfer or to go further toward highly selective separation of low mass 
solutes controlled through molecular diffusion[146]. 
Apart from UV exposure, the directional oil-transport ability can be achieved 
by interlace two different layers together. As shown in Figure 2.20b,[26] a dual-
layer electrospun nanofibrous membrane containing a layer of 
superamphiphobic nanofibres and a layer of superhydrophobic-oleophilic 
nanofibers was prepared. The membrane proofed an extraordinary oil-water 
separation with high diesel-water separation efficiency, as well as other oil 
fluids whose surface tension range from 23.8 mN/m to 34.0 mN/m. 
 
2.1.5 Patterned surface with opposite superwettability 
As multifunctional material, the uniform non-wettable surface might not 
satisfied to the applications, such as microfluidic devices and oil-in water 
separation. As a result, patterned surface with a combination of wetting and 
non-wetting properties are induced. For example, within a patterned device, 
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it is controllable if liquid stays to or slips away the surface. The liquid patterns 
which were neighbour isolated liquid reservoirs could be defined beneficial 
for biological, medical, combinatorial chemistry in both research and industry 
field.  
Many efforts have been made on an in-plane patterned surface with 
anisotropic or imbalanced wettability on different substrates for various 
applications. The liquid movement is governed by the energy barrier of three-
phase contact line.[44] A microfluidic device was constructed using 
hydrophobic patterns in hydrophilic channel surfaces, which was prepared by 
PDMS stamps contact printing. Normally, additional manipulations need to 
be induced to resume the flow who was blocked by conventional 
hydrophobic surfaces. Benefit from this passive control method,  the 
microchannel was autonomous and speed controllable, hydrophobic patches 
were applied as a stop valve and no wall was required for the microchannel.[34] 
A selective wetting of patterned surface with hydrophilic channels and 
hydrophobic microstripes was reported for flexible color filter manufacturing. 
The high wetting contrast on a single surface prevent the overflowing of polar 
inks (small contact angle) over channel sidewalls on conventional hydrophilic 
substrates.  Droplet motion and fluid transportation was controlled within 
the desirable regions during inkjet printing.[35] Liu et al. prepared a droplet 
selective sensor with superhydrophobic array by different kinds of initiators, 
due to the incorporation of hierarchical structure of graphene and TiO2 
nanofilm. Different droplets (mounted by various indicators) were stored on 
tilt fabric surface. As normal liquid repellent surface only available for one 
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liquid, this micro-reactor was helpful when delivering and blending different 
reagents containing droplets simultaneously.[36]  
Figure 2.21a describes a patterned superhydrophobic film cooperated with 
hydrophilic square arrays on its surface[147]. The patches were prepared by 
exposure through a photomask by UV light. Contact angles in the UV-exposed 
regions were reduced as hydrophilic, and the regions were progressively 
converted from hydrophobic. As the patterned surface exposed to highly 
humidity environment, water nucleated and gather into drops on the 
patterns with hydrophilicity, and then spread out onto the surrounding 
superhydrophobic regions. As the size of the drops have grown adequately, 
they will detach and roll, allowing collection according to gravity force. 
Figure 2.21b shows a patterned substrate prepared by selective UV 
irradiation.[148] The substrate has a homogeneous superhydrophobic surface 
which is photosensitive. After covered by an Al mask and UV irradiation, the 
exposed surface turned superhydrophilic. Figure 2.22 is the photo of TiO2-
based patterned sample with opposite wettability 
(superhydrophobic/superhydrophilic). [39] The water contact angle difference 
is about 170°. Water droplet show spherical shape on 
octadodecylphosphonic acid (ODP)-modified titanium oxide film with 
superhydrophobicity. After UV irradiation, a water film cover this surface 





Figure 2.21 (a) Patterned thin film by UV exposure to create an array of 
hydrophilic patches surrounded by superhydrophobic regions[147]. (b) Photo 
of water droplets on patterned substrate prepared by selective UV 
irradiation.[148] (c) UV irradiated and non-irradiated ODP-modified TiO2 
surface.  [39] 
 
A one-step vapour-phase polymerisation method has been applied for 
preparation of a patternable, electrically conductive coating. (Figure 2.22) 
The coating who has superhydrophobic and superoleophobic surface was 
fabricated through polymerize polypyrrole in the presence of a fluorinated 
alkyl silane (FAS) directly on fibrous based substrates. For coated fabrics, the 
contact angle for water and hexadecane shown up of 165° and 154°, and the 
48 
 
surface resistance was 0.5–0.8 kΩ/sq [149]. The unrequired fabric area can be 
segregated straightforward via a screen-printing technique for patterned 
polypyrrole (PPy)–FAS coatings as well. The patterns were convenient to form 
a circuit for manipulation of an electronic device. This advanced patternable 
superamphiphobic coating method may be helpful in the development of 
multi-functional protective clothing and electronics textiles[121]. 
 
Figure 2.22 Schematically illustrate the (a) fabrication procedure for PPy–FAS 
patterns on fabrics, (b) examples of PPy–FAS patterns, (c) a letter PPy–FAS 
pattern, (d) a simple PPy–FAS circuit for lighting a LED device, with coloured 





In previous studies, Wang et al. from our group also investigated the 
superhydrophobic patterned fabrics with directional water transport 
function by electrospraying (Figures 2.23 a&b). The in-plane 
superhydrophobic patterns not merely maintained the high air-permeability 
on wet state, but enhanced the one-way water transport capability as well. 
Compared with the fabric without pattern, the directional liquid transport 
capacity index was promoted 1.89 times. The cotton fabrics with different 
superhydrophobic shapes were shown in figures 2.23 c-e. [150]  
 
Figure 2.23 (a) Schematic illustration of the fabrication process of cotton 
fabric with superhydrophobic pattern and one-side water transport ability. 
(b) Apparatus set up for preparing the wettability patterns. (c) Fabric with 
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50% superhydrophobic patterns in water. (d) Square shaped 
superhydrophobic patterns. (e) Grid shaped superhydrophobic patterns.[150] 
 
Moreover, Patterned surface with multi-wettability can be applied in 
advantages effectively to medical diagnostics, drug discovery, biological and 
chemical sensing. [151] Spatially patterned high contract microfluidic devices, 
[152, 153] tunable sticky-to-slippery surface,[33] droplet guiding track,[40] 
different shape patterns for fog harvesting,[41]  high defect tolerant 
omniphobic patterned surface to confine fluids,[154] directional liquid 
transport,[24] oil-water separation,[39] star-shaped wettable patterns for 
efficient water collection,[42] were explored by researchers.  
 
2.2 Aerosol-mist filtration  
2.2.1 Overview  
2.2.1.1 Definition 
Aerosol oil-mists are formed by various mechanisms including thermal, 
lubrication, vibration, rotation, friction and high speed gas transmission.[22] 
They can cause serious problems such as erosion, corrosion, wear, clogging, 
leakage, contamination in machinery and extra energy consumption.[1]  
2.2.1.2 Filtration requirements 
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With the purpose of removal contaminations especially liquids downstream 
from a underground compressor or engine, gas/liquid coalescers were 
commonly applied.[155] Here, take long distance natural gas transmission 
pipelines as an example (Figure 2.24), liquids come from upstream before 
filtration may include "slugs", which consists of aerosol particles and 
entrained liquids. They can be either water or a combination of hydrocarbon 
liquids. The contaminations are highly undesired and required to be 
eliminated via a filter coalescing vessel situated upstream of the 
compressor.[156] The heavy solid particles has already been removed 
successfully via gravity methods, whereas the oil-mist still need to be 
eliminated in the transmission pipeline.[157] To achieve these requirements, 
the filtration of aerosol-mist is one of the most essential aspect to be taken 
into consideration. 
 




Black powder is a worldwide pipeline contamination challenge which is 
commonly seen. It is a typical contaminant in pipelines and engines, but not 
fully understood nowadays in the field of its detection, formation, inhibition 
and removal.[158] Composition difference were reported from various natural 
gas pipeline operators for the black powder collected from their pipelines.[159] 
Depending on pipeline conditions, the contaminants existed in dry powders, 
liquid suspensions, or intermediate sticky sludge.[160] There were three major 
unpleasant economic issues in natural gas pipeline networks due to the 
appearance of black powder, 1) it created wear and decreased efficiency and 
clogged valves and instruments in compressors; 2) increased roughness and 
gas friction of transmission pipeline; 3) boosted necessary power in 
compression station to maintain gas flowing exactly to its destination.[161] The 
presence of black powder caused clogging, erosion, contamination and flow 
reduction in the pipelines. [162] Water and oil may come from condensation 
and lubrication process, and they need to be removed from natural gas in 
order to prevent hydrate formation. These liquids are not compressible and 
it is not desired to slug the compressor[163]. 
Natural gas filtration plants are fixed at all compression station to wipe off 
any entrained solids and liquids from the gas stream.[164] The filter contains 
cyclone separator to centrifuge contaminants to the followed enclosing 
pressure vessel. These particles and liquids would be drained periodically 
after drainage and collection. According to the current technologies, the 
heavy solid particles can be successfully removed through the available 
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methods based on gravity, such as centrifugation .[165] However, the 
entrained liquid aerosols which are oil and water with flowing air stream was 
a challenge to remove from the air stream. The liquid aerosols are too small 
and light to drain from filter material, and as they would clog in the filter 
material and largely decrease the filter efficiency and increase the pressure 
drop.[166]  As air flux applied, the clogged liquids will be blown-off by high 
pressure and the re-entrained the air in downstream.  
Apart from the filtration requirements in natural gas transmission pipeline, 
similar problems exist in other industrial fields, thus aerosol filters are 
versatile in practice,[167] among them are engine crankcase ventilation, 
compressed gas cleaning, propane(LPG) and hydrocarbon production, high 
volume air samplers, respirators, clean room filters, engine exhaust filters, 
and cigarette filters.[122] Each filter must be proofed in standard conditions 
according to their specific working conditions.[123, 126] 
2.2.1.3 Filtration Apparatus 
Filtration apparatus are widely applied to evaluate the filtration performance, 
included but not limited to efficiency, saturation, pressure drop, drainage. As 
shown in Figures 2.25 a&b, the apparatus are mainly divided into two types, 




Figure 2.25 (a) Schematic diagram of filtration performance experiment 
apparatus for filter (medium) material.[168]  (b) Schematic diagram of filtration 
performance experiment apparatus for cartridge filter.[169] 
 
2.2.2 Application scope  
Removal of oil mists from air or a particular gas is a prerequisite process for 
compressed air production,[2] dehumidification, natural gas transmission,[3] 
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engine crankcase ventilation,[4] propane (LPG) and hydrocarbon production, 
high volume air samplers, respirators, clean room filters and engine exhaust 
filters,[5, 6] which involve a number of application areas including aerospace, 
automotive, engineering and manufacturing, electronics, food and beverage, 
hospitals/medical, mining, pharmaceuticals, energy generation, everyday life 
and many more. The removal of oil mists from the air is not only a 
prerequisite for many industrial processes but also important to the 
environment.[7] 
 
2.2.3 Filtration fundamentals  
2.2.3.1 Coalesce filter 
Filters for aerosol-mist removal are chiefly based on a “coalesce mechanism” 
in which oil droplets are captured with continuous clogging. They are applied 
in the form of the filter material or pleated filter cartridges combined with 
centrifugal separation.[22, 170] Droplets are easier to be captured when their 
size is greater than the pore size of the filter. It is straightforward that filters 
with smaller pores are expected to have higher filtration efficiency for small 
oil mists. However, reducing filter pore size typically leads to higher air-flow 
resistance,[15-17] which not only reduces flow speed but also increases energy 
consumption for gas transport. In addition, oil droplets accumulated in the 
filter media of smaller pores tend to be blown off into downstream flow, 
reducing oil mist filtration efficiency.  
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Researches on aerosol-mist or liquid-gas filtration were basically 
concentrated on two noted aspects during treatment. One is the behaviour 
of liquid droplet migration in the filtration system, which could result in the 
improvement of an accurate filter performance model. The other one is the 
separation performance of the filter, characterized by pressure drop, 
filtration efficiency, saturation, operation parameters and material 
properties.[169] 
2.2.3.2 Pressure drop 
Pressure drop is a crucial factor to assess the performance of filter materials. 
High pressure drop stands for high energy consumption, who generally 
increases with increasing face velocity.[171] Clogging of a filter media by liquid 
film followed to an increase in its pressure drop are stated by researches. It 
is still needed to prove that the clogging by liquid aerosols will cause 
efficiency reduction.  
The stages of aerosol-mist filtration are depending on the liquid inside the 
filter layers, especially for their migration and saturation properties. The 
liquid distribution and saturation in the filter media have remarkable 
influence on pressure drop and filter efficiency. However, it remained 
challenging to define these factors quantity and experimentally. A method 
commonly employed to gain experimental data is providing interruption from 
air flux and weighing the filter material. However, The accuracy of the data 
was often unassured, since the dis 1tribution of the liquids in filter layers is 
changing during the filtration process.[172] 
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2.2.3.3 Filtration efficiency 
Filter efficiency is the percentage of removed mist in total number of mists 
induced into the filter.  It is largely affected by aerosol-mist collection and 
drainage, when the driving pressure and mist concentration keep 
constant.[173] For the wettable filter, the liquid is collected and spreads 
throughout the filter in the form of thin liquid films.[160] For the non-
wettable filter, aerosol is collected and accumulated into relatively large 
droplets near the front face of the filter.[128] The penetration through such a 
filter is relatively high in downstream as the aerosol particles pass through it, 
and the drainage is affected by the detachment of large drops from the face 
of the filter.  
2.2.3.4 Quality factor 
Overall performance for the filtration process could be evaluated via the 
quality factor. Quality factor (QF) is a measure of comprehensive filtration. It 







                              (Equation 2-2)                             
where ε is filtration efficiency of oil mists, and ΔP is pressure drop. From the 
equation, larger quality factor stands for better filtration performances, 





2.2.4 Influence factors for oil-mist filtration 
In principle, coalescence-driven aerosol mist filtration is a complex process 
involving capturing oil mists with filter, coalescing oil liquid within filter 
matrix, and oil disposing.[13, 23, 170] The overall capture efficiency ( T ) of a 
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                 (Equation 2-3) 
where Z is filter thickness, α is packing density, and fd  is mean fibre diameter. 
Here F is single fibre efficiency, which is determined by different 
mechanisms such as inertia impaction, interception, diffusion and 
gravitational setting.[8, 22]  
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                       (Equation 2-5) 
nCa  is capillary number (where Q is volumetric flow rate,   is liquid 
viscosity, A is contact area,  is liquid surface tension,   is the contact angle 
of oil on fiber surface, wP  is the pressure drop of the saturated filter, and
0P is the pressure drop across a clean filter). At pseudo-steady state, the 
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    (Equation 2-6) 
0U is filtration velocity in the equation. The pressure drop is mainly 
determined by surface wettability and filter structure. The above equations 
suggest that filter material,[2, 11] structure,[14, 169, 175]  fibre/fabric dimension,[6, 
16, 176] surface wettability,[18-20] oil type and droplet size[17] all contribute to the 
filtration performance.[22]  
2.2.4.1 Filtration loading stages 
The aerosol-mist capture stages of a filter material has been characterised in 
many researches. These stages could be applied to predict the filter 
behaviour, and the behaviour is still one of the most essential issues required 
to be fully understood for an extensive range of filter properties and 
operation condition.[22] The filtration stages (pressure drop and filtration 
efficiency changes with time) were shown in Figure 2.26.  
 
Figure 2.26 Schematically illustration of the pressure drop and efficiency (size 




The filtration stages are probably be simplified to 3 stages for oleophilic filter 
materials and 2 stages for oleophobic filter materials. Initial loading for stage 
(i), a minimal increase in pressure drop; Stage (ii), characterized by a liner or 
faster than linear increase in pressure drop; stage (iii) stands for pseudo 
steady state.  
Stage (i): In philic systems, the pressure drop has a minimal increase in this 
initial stage according to the deposition of aerosols around the fibres, 
probably caused friction area increasing. [170] The capture of aerosols result 
in a reduction in effective fabric collection area as well.  
Stage (ii): Large change in pressure drop and exponential increase in filter 
efficiency happens at this stage. The redistribution of collected liquid and the 
reduction in specific area are considered as the reason for this phenomenon 
by Contal et al. [17, 177] The closing of pores raises the flow resistance and 
causes an exponential increase in pressure drop. Collection of droplets by 
impaction results in the formation of liquid film and hence reduces the 
penetration of larger mists.[170] 
Stage (iii): It is the ending period of clogging process and liquid film formation. 
While pressure drop and penetration keep stabilization, drainage of the 
liquids will occur. The establishment of a pseudo-steady state happens 
between collection rates and drainage of liquid droplets.  
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For oleophobic system, there are just two stages, stage (i) usually does not 
appear in the filtration stages. In a non-wetting system,  instead of spreading 
or coating the fibres, the captured liquid droplets are preferentially remained 
as discrete droplets, only if the droplets contact with each other and grow by 
junction with subsequent a1erosol or moving into conta 1ct through airflow 
forces.[130] With the coalesce processing, further droplet accumulation brings 
about the increase in droplet size, until they become large enough to move 
through the filters due to the combination of gravitational and drag force.[178] 
2.2.4.2 Oil mist capture mechanisms 
Aerosol oil mist capture mechanisms are similar for those of solid particles, 
however, the filter membranes would collect droplets and influence the 
capture efficiencies because of the variation in effective fibre diameter and 
interstitial velocity. Five collection mechanisms are basically discussed for 
aerosol particles (droplets) captured by fibre based materials, which are 
interception, impaction, diffusion, gravitational settling and electrostatic 






Figure 2.27 Particle capture mechanisms during aerosol-mist filtration.[22] 
 
Interception is one of the droplet capture mechanisms happened as the 
droplets or particles cannot deviate from the streamline or not diffused 
because of provided inadequate inertia. The droplets would be intercepted 
when it pass through the membrane with the driving force of the streamline 
from the carrier gas. [179]  
As streamlines changing suddenly, the droplets might be incapable to adjust 
their direction near the fibre because of their inertia, impaction which is 
another significant capture mechanism to be introduced. And then, collision 
happened as droplets reach the fibre surface and the droplets were collected. 
For the droplets with size greater than 500nm, impaction and interception 
are normally effective.[8] 
The capture of droplets by diffusion happens to the small particles who are 
affect by the Brownian motion. Brownian motion is only remarkable for small 
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particles (size < 500 nm). The chance of droplets hitting a fibre while passing 
through a non-intercepting streamline is increased by this mechanism.[180] 
The other capture mechanism is gravitational settling, whose effectiveness is 
largely affected by filter orientation and face velocity. Gravitational settling 
is considered negligible unless large droplets and small velocities are applied, 
and is normally not included in efficiency equations provided.[181] 
Electrostatic deposition could be a droplet capture mechanism as the 
collection efficiency is enhanced with the raising number of elementary 
charges on fibres and particles.[182] In realistic, electrostatic effects are 
normally difficult to quantify because the charge on fibre surfaces and 
droplets are unclear. In oil-mist filtration process, the filters are commonly 
covered or wetted with liquids completely and most oils have poor 
conductivity, so electrostatic deposition could be neglected in most situation. 
The five collection mechanisms working together to build the total filtration 
efficiency of a fibrous filter material.  
Apart from captured by single fibre, the oil mists have some potential routes 
as shown in Figure 2.28. In a filtration system, route 1 is preferred. The oil 




Figure 2.28 Potential routes of oil mists in a filtration system.[174]  
 
2.2.4.3 Filter materials and structures 
 Filter materials 
An ideal material for aerosol mist filtration needs to withstand the airstream 
in high pressure and afford enough collection efficiency with low pressure 
loss. Existing filter materials used frequently are mainly made by metallic 
screens[183] (aluminium[184], stainless steel, copper and etc.), fibre glass[17, 185]  
(borosilicate or alkali-lime), polypropylene[186], polyethylene[187], felt 
polyester and pleated cellulose [184].  It is able to recover and reuse the 
metallic screens after cleaning[188], whereas the filter medias made by 
polymer are usually disposable[161]. Filters made by different materials are 





Figure 2.29 Filter material used nowadays (metal, glass fibre, polymer). 
 
The replaceable coalescence filtration elements usually use moulded fibre 
glass media, because of the fine fibre diameter, charged fibre-surfaces, and 
enough mechanical strength compared with polymer mats, it is suitable for 
gas/liquid separation applications. However, there are several drawbacks 
that could not be neglected for glass fibre media. Although glass fibre media 
has better strength to withstand high operation pressure and flux, for 
example, it is brittle and cannot be recovered after bend. Glass fibre filtration 
media cannot be cleaned via backflush after filtration process because of the 
entrained liquid inside fabric. The media is single-used and needs to be 
discarded. The manufacture process for glass fibre usually provides large 
pollutions, such as industrial dust pollution and exhaust emission, especially 
for ultrafine glass fibre used as filter material. And landfill was the treatment 
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method for discarded glass fibre media. According to these environmental 
concerns, the filtration efficiency and material life time need to be improved 
to reduce the use of glass fibre[11, 127].  
Fibrous materials are predominately used for making oil-mist filters owing to 
the small pore size, 3D surface texture, good flexibility, large surface area, 
ease of functionalisation, and mass production capability. 
 Filter structures 
As shown in Figure 2.30, filter elements can be made in various shapes. Filter 
units consists of cyclonic elements to centrifuge particles and liquids and then 
drained periodically.[189] Filters in cartridge and basket shapes are commonly 
equipped into the compressor design package during the installation of pipe 
and unit[161]. It can also be flat panels. Sock-type mist filters are one of the 
conventional filter elements, due to the incredible capability for holding 
sludge and varnish contaminations in semi-solid state. Generally, these 
engines required running thousands of hours before replacing the oil filter 
media, but the traditional sock-type filters would quickly be blind-off.  Ideally, 
the filtration material should be able prevent raising levels of flow resistance 
and prolong the life-time. The easy and safe operate of replacement of filter 
element without compromising the pressure boundary during daily 




Figure 2.30 Panel, cylindrical and sock-type aerosol-mist filters.[127] 
 
From the literature, most of the filter applied are philic based on the 
adsorption collection mechanisms, and the most widely used filter media is 
glass fibre. Kampa et al [185]have demonstrated a “jump and channel” model 
for multilayered filters, which is one of the few works that include both 
oleophilic and oleophobic media to study pressure drop.  
And a little quantity of works have concluded the coalescence and motion of 
droplets on fibres, which are directly related to surface wettability and 
surface tension. Furthermore, a limit amount of studies had considered the 
filtration performance on phobic fibres. Mead-Hunter et al. [190] presented a 
single fibre model for oleophobic fibres as aerosol-mist filter media; Contal 
et al.[176] defined the liquid transport stages for saturation; Mullins and Mead-
Hunter[191] compared the performance of philic and phobic oil-mist filters in 
drainage rate, saturation, pressure drop, and efficiency; Agranovski et al.[130] 
set Teflon fibre as non-wettable filter media and layered them with wettable 
glass media to reduce the clogging during filtration process. Nonetheless, the 
filtration performance is still not ideal because the available phobic filter 
media applied are not “truly non-wettable”. They were made by synthetic 
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phobic material, but still based on the adsorption collection mechanisms. 
These phobic media lack of modification for the natural surface, and cannot 
really intercept liquid the separate the aerosol-mist.  
 
2.2.4.4 Drainage 
According to the droplet collection mechanisms in phobic filtration 
system[192], there is a node for accumulated oil droplets, whether they will 
drain away from the filter, or be pushed through the filter because of airflow-
induced forces.[128] And then, a kind of equilibrium state called “Pseudo”-
steady state will remain before reaches it clogged with solid particles or reach 
its lifetime. The pressure drop and liquid saturation keep constant at this 
equilibrium state, which indicates liquid drainage rate is equal to the 
currently liquid entrained rate from the filter[193]. In other words, for the 
conventional filters, drainage of the liquid would only be observed once the 
pressure drop stabilisation had been reached[17]. 
Drainage is another important aspect deciding filtration performance since it 
affects pressure drop, re-entrainment of oil fluid into downstream flow, and 
service lifetime.[168, 194, 195] Drainage channels were introduced into filters by 
using multi-layered filters,[196] or inserting a transit layer into filter media.[197] 
Patel et al [186] used a woven fibrous mesh as drainage layer to increase 
filtration quality factor. The presence of the drainage layer increased liquid 
amount between coalescing layer and drainage layer, resulting in evident 
increases in liquid flow resistance and saturation in coalescing layer.[198] 
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Combining a transit layer with a coalescence layer within filter cartridge could 
apparently reduce liquid saturation and the risk of liquid re-entrainment in 
the gas stream.[197]  
Petal et al. [186] constructed filters with drainage channels by embedded 
woven meshes at various angles and positons into the filter medium as shown 
in Figure 2.31. They found that filter medium inserted with drainage channels 
exhibited remarkable enhancement in the quality factor by reducing the 
pressure drop and improving the capture efficiency. Compared with the base 
control case, filter media with 45° inclined drainage channels had highest 
quality factor enhancement of 4.3 times. 
 
Figure 2.31  Filter geometries for coalescence filter and drainage channel 
design.[186] 
 
There are only few works about the effective of drainage layers. A study on 
woven drainage structures related with gravity orientation and surface 
energy of woven mesh was reported. [196] As shown in Figure 2.32, The report 
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suggested that best overall filtration performance happened to a filter 
implanted with Teflon fibre drainage channels at 45° downward angles. 
 
Figure 2.32 (a) Arrangement of filter with and without drainage channels. (b) 
Digital photos of the exit surface of filter media after coalescence experiment. 
(c) Comparison of filtration index (quality factor) of filters with drainage layer 




The effect of pore size of the drainage layer on the saturation can be obtained 
directly from the aspect of the average drainage rate.  The average drainage 







                                   (Equation 2-7) 
where mliquid is the drainage mass of liquid collected in the bottle, tDr is the 
drainage time of the coalescing layer[199]. 
 
2.2.4.5 Surface wettability 
Apart from filter materials, fibrous structure and drainage layer, surface 
property shows influences on oil mist filtration performance.[18, 128, 185, 196, 200] 
During oil filtration process, a thin liquid film forms on the top of glass fibre 
filters, which decreases effective pore size and increases secondary blow-off, 
resulting in decline in filtration efficiency.[17]  
Barrel shaped droplet for oleophilic fibre (Figure 2.33a): When the particles 
are captured by a wettable fabric, the particles spread onto the fibre surface 
due to the wetting feature. The formation of a thin liquid film during the 
“pseudo”-steady stage on the fabric of fibre is caused by this kind of wettable 
behaviour. The droplets almost form into regularly spaced axisymmetric 
barrel droplets,[201] whose contact angle are less than 90°  and commonly 
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possess a greater interfacial energy, upon the completely wetting of the 
fabric.[202]  
 
Figure 2.33 Drainage states for (a) Barrel shaped droplet for oleophilic fibre 
on the left and (b) Clamshell shaped droplet for oleophobic fibre on the right. 
 
Clamshell shaped droplet for oleophobic fibre (Figure 2.33b): For oleophobic 
systems, the captured droplets preferentially remain as visible droplets with 
high contact angle, but not spread along the fibres or fabrics.[128]  Clamshell 
droplets have axial asymmetric geometry and have contact angle of 60° or 
higher. Initially, the liquid aerosols exist in a ‘cap’ shape, and as further 
droplets are captured in the same location, they will coalesce into larger 
clamshell shaped droplets. The droplets will larger in size continuously with 
processing of aerosol-mist impinged onto the droplet surface, also by 
capturing more particles or by merging with adjacent droplets, until they 
reach a certain size and are big enough to leave the fabric.[194] 
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Combining the different properties of the wettable and non-wettable fibres 
may provide some ideas to increase in efficiency of filtration. The air stream 
containing liquid aerosol in first passes through a wettable and then a non-
wettable fibrous filter. The liquids which manages to pass through the 
wettable fibre is usually in the form of relatively large droplets, which detach 
from the back of the filter. Such droplets are likely to be captured by the non-
wettable filter.  
Several researchers have reported that making filters that have an 
oleophobic surface improves filtration efficiency.[128, 202, 203] Figure 2.34 
discussed the change in liquid deposit during  the formation of liquid film on 
a oleophilic filter medium.[17] Agranovski et al [19] repored the effect of a 
Teflon fibrous membrane on a glass fibrous filter. When the Telfon 
membrane was placed on the fibrous filter surface, clogging during filtration 
was inhibited. Patel et al [196] compared several multilayer filters consisting of 
glass fibrous layers, Telfon nonwoven meshes and synthetic nonwovens (e.g. 
from polypropylene or nylon fibres). The one with a Teflon mesh interlayer 
(contact angle 95° for the oil tested) showed the best filtration efficiency 
(99%) and lowest pressure drop. Kulkarni et al [200] adjusted the wetting 
properties of filter media by blending polypropylene or polyester fibres 
(lipophilic) with glass fibres (hydrophilic) at different ratios. When the ratio 
of lipophilic to hydrophilic fibres increased, the filter showed decreased 
pressure drop, but increase in efficiency and quality factor. Mullins et al [20] 
modified a fibrous filter to make the surface have an oil contact angle greater 
86°. Such a surface modification increased quality factor from 0.96 to 1.51 
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kPa-1, though the gravimetric efficiency was not changed much. Most of these 
studies, however, were focused on filters with ordinary wettability (i.e. 
oleophobicity and oleophilicity). 
 
Figure 2.34 (a) SEM images recording the change of liquid deposit while 





In conclusion, the system of fibrous filter and aerosol-mist is very complex. 
The interaction is related to surface tension, roughness, capillary, pressure 
drop, air permeability, face velocity, aerosol-mist concentration, and 
viscosity are highly depending on operation conditions. The principle gaps 




Chapter 3. Materials and characterization approaches 
In the chapter, materials that have been used for experiment are listed, and 
the characterisation methods and instruments used in this study are 
described in detail. 
 
3.1 Materials and experimental details 
3.1.1 Chemicals 
PFAP (perfluoroalkyl acrylic copolymerisate) was purchased from 
Chemcolour Industries Australia Pty Ltd. Glycerol propoxylate triglycidyl 
ether (GPTE), and 1-methylimidazole (1-MI) were bought from Sigma-Aldrich. 
(Tridecafluorooctyl triethoxysilane (FAS, Dynasylan F 8261) was supplied by 
Degussa. Deionized water (surface tension 72.8 mN/m, viscosity 1.00 mPa at 
20 °C) and ethanol were purchased from LES store. Di-ethyl-hexyl-sebacate 
(DEHS, density 912 kg/m3, surface tension 32 mN/m, dynamic viscosity 23 
mPa at 20 °C) was purchased from Aladdin Industrial Corporation. Olive oil 
was purchased from local supermarket.  The chemical used in the thesis is 





Figure 3.1 Structures of chemicals used in this work. 
 
3.1.2 Substrates 
Glass fibre nonwoven fibrous mats (Lypore 9866, 105 g/m2) were purchased 
from Lydall, Inc. The fibrous filter had a thickness of 0.56 mm under 50 kPa. 





3.2 Characterization instruments 
3.2.1 Filtration test 
The filtration performance was evaluated on a purposed built apparatus 
shown in Figure 3.2 & 3.3. Di-ethyl-hexyl-sebacate (DEHS) was used as oil 
model. Compressed air was pre-conditioned by passing through a HEPA (high 
efficiency particulate air) filter. Aerosol-mist was generated by passes the 
conditioned air through an aerosol generator (TSI, 9306A Six-Jet Atomizer). 
The total amount of air flux was stabilized at 127.2 L/min. A high inlet liquid 
concentration level was selected to shorten test time, and promote the inlet 
concentration to be the dominant factor of pressure drop and clogging to 
ensure the accuracy of filtration test. A vacuum pump was applied for 
pumping the filtered gas. The generated aerosol-mist size was controlled in 
the range of 0.01 - 20 µm with the most permeable particle size (MPPS) of 
0.2-0.5 µm. The filtration performance (in concentration) of small particles 
(0.01-0.8 µm) and large particles (0.5-20 µm) was evaluated separately by 
SMPS (Model 3936 scanning mobility particle sizer) and APS (3221 
aerodynamic particle sizer), respectively, according to the different collection 
mechanisms. The pressure drop was measured by a differential pressure 
transducer (Yokogawa, EJX-110A) and flow rate was measured by a 
rotameter. In the thesis, filtration efficiency, pressure drop and quality factor 
were rounded to two decimal places. All filtration results were averaged by 








Figure 3.3 Digital photo of the apparatus of aerosol mist filtration test. 
 
3.2.2 Contact angle 
Water/olive oil/DEHS contact angles were measured using a KSV Model 
CAM101 Contact Angle Meter (KSV Instruments Ltd, Finland, as shown in 
Figure 3.4). Samples were cut into 1 cm × 2 cm rectangles and pasted on a 
glass slide. Pendent drop of 3 µL droplet was applied. All contact angle (CA) 




Figure 3.4 Contact angle meter (CAM101, KSV Instruments Ltd) 
 
3.2.3 Sliding angle 
A purpose-made apparatus was applied to measure the sliding angles, as 
shown in Figure 3.5. It consists of a sample holder and a digital angle meter. 
A pipette was used to pendent drop liquid on the tilted sample. As the liquid 
could slide away from the sample, tilted angle was recorded as sliding angle. 
All sliding angle (SA) values reported represent the mean of 5 measurements. 
 




3.2.4 Scanning electron microscopy (SEM) 
Surface morphology was observed using a scanning electron microscope 
(SEM Supra 55VP, Figure 3.6) operated at an acceleration voltage of 5.0 kV. 
Samples were cut into 3 mm × 3 mm squares and placed on sample holders. 
A thin layer of gold was sputter-coated (Baltec SCD50 sputter coater) on 
sample surface. All SEM images were taken at a voltage of 5 kV and the 
magnification varied between 5 K and 20 K times. 
 
Figure 3.6 Supra 55VP SEM apparatus 
 
3.2.5 Transmission electron microscopy (TEM) 
As shown in Figure 3.7, transmission electron microscopy (TEM, JEOL-2100F, 
Japan) was operated at an accelerating voltage of 200 keV and the images 
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were acquired with a Gatan image filter. Coating thickness is calculated by 
average 30 measurements from two TEM images. 
 
Figure 3.7 JEOL-2100F TEM apparatus 
 
3.2.6 Confocal laser scanning microscope (CLSM) 
Confocal laser scanning microscope (CLSM, Leica TCS SP8) was applied to 
image the filter samples (Figure 3.8). To prepare fluorescent-labelled samples 
for confocal microscopy, Rhodamine B (1 wt.%), a florescent dye, was added 
to the target solution. The as-prepared fabric samples were cut via a knife to 
obtain a neat cross section, and fixed on the observation dish. 100 
magnification and XYZ 3D scan (Z-stack) modes were used in this work with 
dual laser channel. By moving the focal plane in axial (z) dimension, single 
images can be put together and built up a three-dimensional stack. The 
morphology of total fabrics was obtained at 488 nm excitation by reflection 
mode. The morphology of dyed region was obtained at 514 nm excitation, 
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with 530 to 550 nm as excitation fluorescence detection wavelength range. 




Figure 3.8 Leica TCS SP8 CLSM apparatus 
 
3.2.7 Fourier transform infrared spectroscopy (FTIR) 
Fourier transform infrared spectroscopy was taken on a Burker Betex 70 FTIR 
spectrometer (Figure 3.9) in Attenuated Total Reflection (ATR) mode ranging 





Figure 3.9 Burker Betex 70 FTIR spectrometer 
 
3.2.8 X-ray photoelectron spectrometer (XPS) 
X-ray photoelectron spectroscopy (XPS) was applied for element and binding 
energy analysis, with a base pressure of 5×10-10 mbar. The XPS spectra were 
recorded using a Kratos Axis Ultra DLD spectrometer (Shimadzu, Japan, 
Figure 3.10) employing a monochromated Al-Ka X-ray source (1486.6 eV). 
The C1s (284.8 eV) has been used to calibrate the binding energy (BE) scale 




Figure 3.10 Kratos Axis Ultra DLD spectrometer 
 
3.2.9 Pore size distribution 
Pore size distribution was tested by capillary flow porometer (POROLUX 1000, 
Figure 3.11) based on bubble pressure method for filter membrane pore size 
analyze. The average pore size was tested 3 times on different samples. 
 




3.2.10 Air permeability 
Air permeability test was measured by FX 3300 Air Permeability tester (Figure 
3.12) according to the Standard (BS 5’636), with test area for 5 cm2, test 
pressure of 96 Pa. 
 
Figure 3.12 FX 3300 Air Permeability tester 
 
3.2.11 Flow resistance 
Flow resistance was tested using TSI 8130 Certitest Automated Filter tester 
(Figure 3.13) at a flow rate of 1 m/s (refers to 60L/min, sample size 100 cm2). 
The aerosol mist generator was turned off to measure the results of sample 




Figure 3.13 TSI 8130 Certitest Automated Filter tester 
 
3.2.12 Breakthrough pressure 
Breakthrough pressure was measured by a propose-built apparatus 
consisting of a syringe, a syringe pump (kd Scientific KDS-100) and a high 
precise pressure transmitter (Keller PR-33X). The testing flow rate was 15 
ml/hr. All breakthrough pressure values reported was averaged 5 results. This 
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apparatus has been used previously for other experiments in the literature.[25, 
134] 
 
Figure 3.14 A propose-build pressure drop testing apparatus 
 
3.2.13 Bursting strength 
Bursting strength was measured by Instron tester (Electronic Tensile 
Universal Material Testing Machine, model 5967, Instron Engineering 
Corporation) according to standard ISO3303-2, and all values reported were 




Figure 3.15 Model 5967 Instron universal material testing machine 
 
3.2.13 Washing durability 
Washing durability was tested via ultrasonication the fabrics in water, 
ethanol, DEHS and paraffin oil for 60 minutes using an ultrasonicator 
(FXP10M Unisonics, Figure 3.16) at power 100 W and 40 kHz operating 





Figure 3.16 FXP10M ultrasonicator 
 
3.2.14 Thermal durability 
Thermal stability was tested by heating the samples at 150 °C in an oven 
(FD115 Binder, John Morris, Figure 3.17) for 72 hours. The reference standard 
is ISO 3248:2016, paints and varnishes-determination of the effect of heat. 
 
Figure 3.17 FD115 Binder oven 
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3.2.15 Sample thickness 
The sample thickness was measured by putting the fabric sample in the 
Mitutoyo absolute thickness tester (Mesdan Lab), as shown in Figure 3.18. 
 




Chapter 4. Efficient Removal of Aerosol Oil-mists using 
Superoleophobic Filters 
In this chapter, the effect of superoleophobic and superoleophilic surfaces on 
aerosol oil mist filtration performance is presented. The superoleophobic 
coating treatment shows a significant increase in filtration efficiency and 
quality factor for small oil-mists, whereas a very little increase in pressure 
drop. The effect mechanism is proposed. 
 
4.1 Materials preparation 
4.1.1 Superoleophobic treatment 
5.0 g PFAP was dissolved in 100 ml distilled water, then stirred by a stirring 
bar for 30 minutes to form 5.0 wt. % milky emulation solution. The glass fibre 
filter mats were immersed in the coating solution for 10 minutes to ensure 
that all the fibres were completely wetted. They were then taken out from 
the coating solution, and excess liquid was dripped in fume-hood before 
dried in oven at 150 °C for 1 h. 
4.1.2 Superoleophilic treatment 
5.0 g glycerol propoxylate triglycidyl ether (GPTE) was dissolved in 50 ml 
ethanol to prepare 10 w/v % solution A. 1 g 1-methylimidazole was dissolved 
in 10 ml ethanol to prepare 10 w/v % solution B. The solutions A and B were 
mixed in a volume ratio of A: B=10:1. The as prepared mixture was diluted 
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with ethanol to get certain 3 w/v% solution for coating treatment. The filters 
were immersed in the coating solution for 10 minutes to ensure that all the 
fibres were completely wetted and then fibrous mat was taken out from the 
coating solution, the excess liquid was dripped in fume-hood. The coated 
samples were finally dried at 60 °C for 1 hour.  
 
4.2 Results and discussion 
4.2.1 Synthesis of coating solutions 
Figures 4.1 a&b illustrate the chemical structure of the coating materials. The 
procedure for superoleophobic coating treatment is shown in Figure 4.1c. A 
commercial glass-fibre nonwoven filter material was used as a model. An 
aqueous perfluoroalkyl acrylic copolymer (PFAP) solution was applied onto 
the fibrous filter through a dip-coating method. Glycerol propoxylate 
triglycidyl ether (GPTE) was applied to prepare superoleophilic filter through 






Figure 4.1 (a-b) Structures of chemicals used in this experiment. (a) PFAP for 
superoleophobic treatment, (b) GPTE and I-MI for superoleophilic treatment. 
(c) Illustration of the procedure for superoleophobic treatment of fibrous 
filters. 
 




Figure 4.2 shows blue coloured water and red coloured olive oil (10 µl each) 
on the PFAP treated glass fibre nonwoven. They both had spherical shapes 
with contact angle (CA) of 163.1° and 159.1°, respectively. A series of oil fluids 
with different surface tension values was used to examine the dependency 
of CA on surface tension (Figure 4.3a). It is clearly indicated that the coated 
fabric has a CA greater than 150° to the liquid with a surface tension above 
32 mN/m. This result reveals that the fibrous filter after coating treatment 
shows not only superoleophobicity but also superhydrophobicity, a typical 
characteristic of superamphiphobicity. 
 
Figure 4.2 Photo of liquid droplets (blue-coloured water and red-colored olive 
oil) on untreated, PFAP treated and GPTE/1-MI treated fibrous filters. 
 
Figure 4.3b shows the CA change with time. The CA remained unchanged 
with time, suggesting that the PFAP treated fibrous filter has a stable surface 
feature. Sliding angle (SA) was used to measure contact angle hysteresis. The 




Figure 4.3 (a) Effect of liquid surface tension on contact angle of the PFAP 
treated fibrous filter. (b) Oil contact angle change with time. 
 
The oil contact angle in different spots (10 spots on a 10 cm 10 cm sample) 
was also tested of each sample. The CA values were very similar to each other, 
in the range of 157.6°-161.3° (see the data in Table 4.1). Based on the ten 
measurement results, the mean ± standard deviation is 163.1±0.87° for water 
contact angle, and 159.1±1.08° for oil contact angle. These results indicate 
that the fibrous filter was uniformly treated with the coating material. 
 
Table 4.1 Oil and water CAs on different spots of the superoleophobic filter 
CA (°) 
Water 
164.1 162.9 163.8 161.7 163.6 
162.4 163.8 161.7 162.8 164.0 
Olive oil 
161.3 158.1 159.2 158.4 159.3 




For comparison, the wettability of the untreated fibrous filter (marked as 
“control” in the images) was also studied. As expected, the filter showed a 
water CA of 58.9° (As shown in Figure 4.3). Water droplet can stay on fabric 
surface for about 1 minute before wicking into the matrix. The untreated 
filter had an origin oil CA of 32.8°, and oil droplet could stay on fabric surface 
for about 5 seconds and then spread into the fibrous matrix. 
 
4.2.3 Effect of coating treatment on filter fibrous structures 
The pore size distribution of the fibrous filters is shown in Figure 4.4. Without 
coating, the fibrous filter had a pore size of 4.60±0.14 µm. After coating 
treatment, the pore size was almost unchanged, being 4.69±0.16 µm of PFAP 
treated filter, and 5.18±0.57 µm of GPTE/1-MI treated filter. Similar size 





Figure 4.4 Pore size distribution of fibrous filters. 
 
The air permeability of the filters before and after the coating treatment 
tested was measured using dry air (Figure 4.5). The untreated filter (4.23 
cm3cm-2s-1) had a similar air permeability value to the PFAP coated one (4.13 
cm3cm-2s-1), verifying the negligible effect of coating treatment on the 
porosity characteristic of the fibrous filter. This was attributed to the thin 
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coating thickness on fibres and the loose nonwoven structure of the fibrous 
filter.  
 
Figure 4.5 Air permeability of untreated (i.e. control), PFAP coated and GPTE-
1-MI coated filters 
 
Tables 4.2 & 4.3 list the contact angle, air permeability and bursting strength 
of glass fibre filter treated by different coating concentration. For the 
superoleophobic coating treatment, optimum CA is achieved at the 5.0% 
PFAP coating concentration. Higher PFAP concentration would lead to slight 
decrease in air permeability and increase in bursting strength. For 
superoleophilic coating treatment, higher GPTE concentration would lead to 
slight increase in air permeability and decrease in bursting strength. By 
considering all these effects, 5.0 % PFAP water solution and 3.0 % GPTE/1-MI 





























Table 4.2 Effect of PFAP coating treatment condition on the filter properties 
Concentration 
(wt.%) 





(Pa) Water Olive oil 
0.5% 150.6 148.1 4.48 6465.9 
1% 155.8 154.8 4.39 7001.8 
2.5% 160.1 157.8 4.24 7794.6 
5%* 163.1 159.1 4.13 8881.8 
7.5% 157.5 156.8 4.05 10571.9 
10% 154.9 151.6 4.00 12811.5 
* The condition used for coating treatment of fibrous filter. 
 
Table 4.3 Effect of GPTE/1-MI treatment condition on filter properties 
Concentration 
(wt.%) 





Water Olive oil 
1% 3.00 4.32 3.78 1821.1 
3%* 0.10 3.10 3.93 1362.5 
5% 0.10 2.34 4.34 1057.3 
7% 0.10 2.08 4.25 661.1 
10% 0.20 2.67 4.20 545.2 





4.2.4 Surface morphologies 
Figure 4.6 shows the SEM images of the fibrous filter before and after coating 
treatment. The glass fibres orientated randomly in the fibrous structure. 
After coating treatment, the fibres looked very similar to the uncoated ones.  
 
Figure 4.6 SEM images of untreated, 5.0% PFAP solution treated and 3.0% 





TEM imaging showed that a conformal coating (thickness around 26.8±1.0 
nm) covered uniformly on fibre surface after superoleophobic coating 
treatment (Figure 4.7). 
 
Figure 4.7 TEM image (cross-sectional view) of 5.0% PFAP solution coated 
glass fibre.  
 
4.2.5 Chemical characterization after coating treatment 
Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron 
spectroscopy (XPS) were used to verify the chemistry of the coating on filter. 
The FTIR spectra showed new peaks appearing at 2922 cm-1 and 2852 cm-1, 
assigned to asymmetric and symmetric vibrations of methylene (-CH2-), after 
coating treatment with PFAP (Figure 4.8a). The peak centred at 1685 cm-1 
corresponded to the C=O vibration of carboxylic acid. The vibration peaks at 
1143 cm-1 and 810 cm-1 were assigned to C-F stretching vibration band of 
fluorinated alkyl chains.[111, 120] These peaks indicate the presence of 
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perfluoroalkyl acrylic on fibre surface. The FTIR spectrum of sample with 
superoleophilicity was shown in Figure 4.8b.  
 
Figure 4.8 FTIR spectra of (a) PFAP coated (superoleophobic) glass fibre 
nonwovens (b) GPTE/1-MI coated (superoleophilic) glass fibres. 
 
The XPS survey spectra indicates that the coating contains elements C, O and 
F (Figure 4.9). Element F existed only on the PFAP coated filter surface, and 
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there was no element F on the untreated fibres. The high resolution C1s 
spectra showed peaks at 291.3 eV and 293.6 eV, which were assigned to –CF2 
and –CF3 groups (Figure 4.9b). The F1s spectra also verified the existence of 
–CF2 and –CF3 groups on the PFAP coated fibre surface (Figure 4.9c). 
Perfluoroalkyl chains assist to lower surface free energy,[94, 206] while fibrous 
texture contributes to a porous surface. Therefore, the superoleophobicity 





Figure 4.9 XPS spectra of PFAP coated (superoleophobic) glass fibre sample 





4.2.6 Coating durability 
The coating durability was tested using an ultrasonication method. The 
treated fibrous filters were ultrasonicated separately in 4 liquids, which are 
water, ethanol, DEHS, and paraffin oil. These liquids were selected because 
they represented water, organic solvents, polydisperse aerosols and 
lubricants. After 60 minute ultrasonication in these liquids, the 
superoleophobic filter still maintained their non-wettable feature with little 
bit decrease (up to 12°) in oil contact angle (see results in Figure 4.10). The 
superoleophilic filter had no change on their super-wettability, see results in 
Figure 4.11. 
 
Figure 4.10 Water/oil CA and water SA on superoleophobic filter after 60 




Figure 4.11 Water/oil CA on superoleophilic filter after 60 minutes 
ultrasonication in (a) water, (b) ethanol, (c) DEHS, and (d) paraffin oil. 
 
4.2.7 Filtration performance 
The oil filtration performance of the fibrous filters was tested on a purpose-
built device consisting of an aerosol generator, a filter chamber and particle 
sizers (as illustrated in Figure 2.2). During measurement, oil mists were 
generated by the aerosol generator. The contents of large (0.5-20 µm) and 
small (0.01-0.8 µm) oil-mists in both upstream and downstream flow were 
measured by the particle sizers. Both single and multilayer fibrous filters were 
tested to examine the effect of filter thickness on filtration performance. The 
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filtration data were collected at the pseudo-steady state where the process 
was in equilibrium. This equipment has been tested to have sufficient 
reliability and high accuracy for oil filtration testing.[168, 198] 
Before examining the effect of superoleophobicity on oil filtration behaviour, 
the filtration properties of untreated filter were measured. For a single layer 
fibrous filter (thickness, 0.56 mm), it had a filtration efficiency of 87.91% for 
small oil mists (size 0.01-0.8 µm) and 99.82% for large oil mists (size 0.5-20 
µm). At pseudo-steady state, the pressure drop of the fibrous filter was 6.9 
kPa. For the PFAP treated single layer filter, the filtration efficiency for small 
oil mists was as high as 97.12%, increased by 10% when compared to the 
untreated fibrous filter of the same thickness. It was interesting to note that 
the content of small mists in the downstream flow after filtration with the 
superoleophobic filter was only 20% of that for the untreated filter. For large 
oil mists, the PFAP-treated filter showed even higher filtration efficiency 
(99.99%) and the oil content in the downstream flow was below 1 P/cm3. The 
superoleophobic filter showed a pressure drop of 7.3 kPa, which is slightly 
higher when compared to the untreated filter (6.9 kPa).  
 
4.2.7.1 Filtration efficiency & downstream concentration  
As filtration efficiency is considered as one of the most important results of 
oil mist filtration, Figure 4.12 shows the dependency of filtration 
performance on filter thickness (one layer filter thickness is 0.56 mm). For 
untreated fibrous filter, with increasing the filter thickness from 0.56 mm to 
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1.12 mm and 3.36 mm (i.e. fibrous layers from 1 to 6), the filtration efficiency 
for small oil mists increased from 87.91% to 96.40% and 99.66%, while the 
efficiency for large oil mists maintained above 99.82%. The increase in filter 
thickness led to increase of pressure drop from 6.9 kPa to 10.2 kPa.  
 
Figure 4.12 Effect of filter thickness on filtration efficiency of fibrous filters 
for (a) small oil mists (size 0.01-0.8 µm) and (b) large oil mists (size 0.5-20 µm) 
 
For the superoleophobic filter, the filtration efficiency for small oil mists 
increased largely (to 99.44%) when the filter thickness increased from 0.56 
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mm to 1.12 mm (i.e. 1 to 2 layers). Further increasing the filter thickness led 
to a small increase in filtration efficiency. When the filter thickness was 1.12 
mm, the efficiency for large oil mists was almost 100%, and the downstream 
content was subsided close to zero (Figure 4.13).  
 
Figure 4.13 Effect of filter thickness on downstream concentration of (a) 
small oil mists and (b) large oil mists. 
 
These results in Figure 4.13 suggest that oil mists are almost filtered out 
completely when a 1.12 mm thick superoleophobic filter is applied, and the 
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there is no secondary re-entrainment in downstream flow. This cannot be 
achieved by untreated filter even if the thickness is 2.5 times thicker. 
There were some fluctuations in filtration efficiency and downstream 
concentration when using untreated filter for filtration of large oil mists 
(Figures 4.12b & 4.13b). This can be explained by the re-entrainment of oil 
liquid. With increasing filter thickness, more liquid pools and films are formed 
in the filter, increasing the possibility of liquid blow-off. Some detached 
liquids enter into the downstream flow, leading to fluctuation of filtration 
performance. In contrast, superoleophobic filter showed largely reduced 
fluctuation in filtration property. This suggests that less liquid pool and film 
are formed in the superoleophobic filter matrix, and the collected droplets 
are easily drained away from the filter. 
 
4.2.7.2 Pressure drop 
Figure 4.14 shows the effect of filter thickness on pressure drop in pseudo-
steady state. A linear relationship between pressure drop and filter 
thicknesses was observed, which is similar to the trend on the uncoated filter. 
At the same thickness, the superoleophobic filter had slightly higher pressure 
drop than the untreated filter. The slightly increased pressure drop indicates 
the effect of superoleophobicity on oil mist-filter interaction. For the 
untreated filter, which has an oleophilic surface, oil fluid collected can spread 
on the fibres. When the filter is treated to have a superoleophobic surface, 
the fibres within the filter matrix show high repellency to oil mists. Oil fluid 
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collected tends to stay in the form of droplets, which could block the flow of 
air stream within the filter matrix, hence increasing flow resistance. 
 
Figure 4.14 Effect of surface wettability on pressure drop of fibrous filters. 
 
It was interesting to note that the superoleophobic filter with a thickness of 
1.12 mm had a pressure drop of 8.3 kPa, which is much lower than that of 
the untreated fibrous filter with a thickness of 2.80 mm (10.1 kPa). At this 
time, the untreated filter with such a thickness still had lower filtration 
efficiency than the superoleophobic filter of 1.12 mm thickness). The lower 
pressure drop indicates lower air flow resistance, therefore lower energy cost 
for gas transport.   
Figure 4.15 shows the pressure drop profile change with time. For 
superoleophilic filters (blue lines), the pressure drop has a similar trend with 
the conventional oleophilic filters. Oil mist is captured by the superoleophilic 


























surface, and slowly accumulated in the coalescence filter until saturation. The 
flow resistance increase gradually with this coalescence process before 
reaching “pseudo-steady” state. After that, a liquid film is formed on the filter 
surface, the mist collection and drainage keep balance while the pressure 
drop and filtration efficiency remain stable. The filtration data was collected 
at this “pseudo-steady” state.  
 
Figure 4.15 Pressure drop profile change with time. Oil mist is intercepted by 
the  
 
For superoleophobic filters (red line), the oil mist is repelled by the filter. As 
collected liquid cannot penetrate and pass through the superoleophobic filter, 
it accumulates on filter surface and rolls off the surface until big enough. This 
process is fast, as a result, the balance between oil mist capture and drainage 
is achieved faster than that of superoleophilic filters. The filtration efficiency 
and pressure drop data was collected after reaching this pseudo-steady state.  

























4.2.7.2 Quality factor 
Apart from efficiency and pressure drop, quality factor need to be considered 
as well. Quality factor (QF) is a measure of comprehensive filtration. It can be 







                                (Equation 4-1) 
where ε is filtration efficiency of oil mists, and ΔP is pressure drop. Figures 
4.16 a & b show quality factor of the filtration tests. The superoleophobic 
filter at thickness 2.24 mm showed the highest quality factor for small mists, 
being 0.777 kPa-1. Such a value is 1.5 times larger when compared to that of 
the untreated filters, suggesting that superoleophobic treatment largely 
improves the filtration performance for small oil mists.  For filtration of large 
oil mists, the superoleophobic filter showed a quality factor maximum (2.120 
kPa-1) at the thickness of 1.12 mm, which is twofold higher than the untreated 
one.  With further increasing the filter thickness, a little increase of quality 
factor for small oil mists and negative effect on quality factor for large oil 
mists resulted. They suggest that superoleophobic filter at 1.12 mm thickness 




Figure 4.16 Effect of filter thickness on quality factor of fibrous filters for 
filtration of (a) small oil mists, and (b) large oil mists. 
  
The superoleophilic filter had a similar filtration efficiency to the uncoated 
fibrous filter, but the pressure drop was smaller (6.6 kPa, Table 4.4). As a 
result, the quality factor was increased by 20% for small mists. The reduction 
of pressure drop due to increase of oleophilicity was also reported by Liew et 
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al [18]. It was originated from the rapid spreading of oil on the fibre surface. 
The formation of thin oil film on filter surface led to easier liquid blow-off and 
increase of oil content in the downstream flow. In this work, the 
superoleophilic treatment enhances the oleophilicity of the fibres. This will 
improve oil spread on fibre surface, facilitating air permeation, and hence 




























































































































































































































































   
   


































































































































































































































































































































































































































































































































































































































































4.2.8 Effect mechanism 
Based on the experimental results, the mechanism for improvement of oil 
mist filtration by superoleophobic coating was proposed as illustrated in 
Figures 4.17 a & b.  
 
Figure 4.17 (a) Oil disposal routes during oil mist filtration. (b) Schematic 
illustration of oil mist interaction with fibres with different surface wettability. 
 
When oil mists pass through a fibrous filter, they collide and attach to fibres 
through several different possible ways such as inertia impaction, 
interception, diffusion, gravitational setting and electrostatic attraction. No 
matter which way is at work, oil mist attachment is affected by fibre surface 
wettability. Oil droplets tend to spread along oleophilic fibres and accumulate 
in the intersection region, whereas they tend to bead-up on oleophobic fibres. 
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Once collected, the oil fluids migrate through the matrix barrier under the 
action of gravity and airflow forces. They eventually dispose off the filter 
through two main routes: draining away from the filter in the desired paths, 
or re-entraining in downstream flow (Figure 4.17a). The second route is 
undesirable since it results in reduction of filtration efficiency.  
For filters with a superoleophobic surface, fibres have high repellence to oil. 
Small oil mists can be considered as elastic balls. When they reach the filter 
at a certain speed, small oil mists are easy to bounce back and forth (Figure 
4.17b). As a result, they reside as particles in the air stream within the filter 
matrix for a longer time than expected. During bounce, small oil mists may 
collide with each other or with the later arriving oil mists, to become larger 
and larger, until they are too large to bounce. Eventually, the large oil 
droplets will move along the fibres in the direction where the energy is 
minimised (law of conservation of energy). As a consequence, 
superoleophobic surfaces show large improvement in filtration performance. 
Therefore, superoleophobicity shows a significant effect on oil mist 
attachment, accumulation, transport, and disposal of fibrous filters. 
For fibrous filter with a superoleophilic surface, oil mists will spread rapidly 
on the fibre surface in the filter. They apt to merge and wick inside the filter. 
With the continuous merging, the filter tends to be wetted gradually. In this 
way, oil droplets are captured with continuous clogging. They merge into 
liquid films or pools in the intersection regions. This reduces the effective 
pore size (known as “sieve effect”). Some of them can be blown off from the 
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fibre surface, leading to re-entrainment. The high downstream concentration 
is on account of the detachment of the large, heavy droplets from the rear 
face of the filter. Although the collected droplets drain from the oleophilic 
filter as well, it happens when its maximum oil holding capacity is reached. 
 
4.2.9 Double-layer fibrous filters 
To further explore the effect of superoleophobic surface on the oil mist 
filtration, double-layer fibrous filter who consisted of a superoleophobic filter 
layer and an untreated filter layer was also examined. Figure 4.18a shows the 
double-layer filter layout. The related testing results are shown in Figures 
4.18 b-d. The filtration performance was highly influenced by layer sequence 
(see more details in Table 4.5). When the superoleophobic layer faced the 
upstream whereas the untreated layer was attached in the rear surface of 
the superoleophobic layer (i.e. in the sequence of superoleophobic-
oleophilic), the filtration showed high pressure drop (11.90 kPa) and low 
efficiency (98.72%) for small oil mists. When the double-layer filter was 
arranged in reverse (i.e. oleophilic-superoleophobic), the filtration efficiency 
was improved to 99.30% with lower pressure drop (9.02 kPa). Clearly, 
superoleophobic layer in the rear part of the fibrous filter assists in improving 




Figure 4.18 (a) Layout of double-layered filter (i.e. control and 
superoleophobic), (c-d) Effect of double layered filter layouts on oil-mist 






Table 4.5 Oil-mist filtration performance of double-layer filters 
Filter layout 













factor             
(kPa-1)  
control-control 7.79 96.40 0.42 99.92 0.92 
control-
superoleophobic  
9.02 99.30  0.55  99.99 1.36 
superoleophobic-
control 
11.90 98.72  0.37  99.74 0.50 
superoleophobic- 
superoleophobic 
8.33 99.44 0.62 99.99 2.12 
 
It was noted that the double-layer filter in the sequence of superoleophobic-
untreated had a filtration efficiency of 99.74% for large oil mists, the 
efficiency of which is lower than that of single-layer superoleophobic and 
even single-layer untreated filter (99.82%, Figure 4.13b).  
For the untreated single-layer filter, it already shows a high filtration 
efficiency for large oil mists. Superoleophobic treatment increases the 
filtration efficiency to almost 100%. However, the filtration efficiency 
decreases (to 99.74%) when an untreated filter layer is attached to the rear 
surface of the superoleophobic filter (i.e. superoleophobic-control). This can 
be attributed to that the addition of oleophilic filter layer changes liquid 
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disposal profile. When an oleophilic filter layer is set in the back of the 
superoleophobic filter, the oil fluid collected by the front superoleophobic 
filter layer is easy to transport into the untreated filter layer. The 
accumulation of oil fluid in the rear oleophilic filter layer increases the 
chances to be blown off and re-entrain into the downstream flow, which 
leads to reduction in filtration performance.  
In contrast, when the double layer is in the sequence of oleophilic-
superoleophobic, the oil mists collected by the front oleophilic layer can be 
blocked by the rear superoleophobic layer. The back superoleophobic filter 
layer functions to guide oil disposal through drainage, rather than re-




It is shown that superoleophobic treatment of fibrous filters can greatly 
improve the filtration performance for small oil mists. A 1.12 mm thickness 
superoleophobic filter can reach a filtration efficiency of 99.44% for small oil 
mists, with 85% lower in downstream oil content and only 6% higher pressure 
drop when compared to the untreated filter of the same thickness.  
For large oil mists, the quality factor was twofold higher than that of the 
untreated control filters. The superoleophobic filter has almost 100% 
filtration efficiency with downstream mist subsided close to zero. A “bounce-
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collide-drain” mechanism was proposed to explain the improvement of the 
filtration performance. Such a novel concept may have great significance in 





Chapter 5. High-efficiency Low-resistance Oil-mist 
Coalescence Filtration using Fibrous Filters with Thickness-
direction Asymmetric Wettability  
In this chapter, improving oil mist filtration efficiency without apparently 
increasing pressure drop using a fibrous filter with asymmetric wettability 
across the thickness is demonstrated. Dip-coating and single-side 
electrospraying are used to make fibrous filter have a homogeneous 
superoleophobicity or directional oil-transport function. When the two layers 
are combined together, they show a significant enhancement in filtration 
performance. The dual layer filter consisting of a directional oil-transport 
layer and a superoleophobic filter layer has higher quality factor than those 
with homogeneous oleophilic, superoleophobic, and asymmetric wettability 
of other superoleophilic/superoleophobic combinations.  
 
5.1 Materials preparation 
5.1.1 Asymmetric wettability treatment 
The glass fiber nonwoven filter sheets were pre-treated by immersion in 
glycerol propoxylate triglycidyl ether/ 1-methylimidazole (GPTE/1-MI) 
ethanol solution and then dried at 60 °C.[207] The pre-treated filter was then 
subjected to a single-side electrospraying treatment. The apparatus for 
electrospray is shown in Figure 5.1. Aqueous perfluoroalkyl acrylic copolymer 
128 
 
(PFAP) solution (PFAP concentration, 5.0 wt.%) was loaded into a 50 ml plastic 
syringe. A rubber tube was connected to the syringe needle (21 G steel needle) 
for air blow. A DC power supply (Gamma High Voltage) was set to 20 kV. The 
as-prepared fabric (1818 cm, glass fiber nonwoven) was fixed on the 
rotating collector (length 41 cm; diameter 10.5 cm) with 5 cm distance from 
the needle tip.  The solution was electrosprayed onto one side of the fabric 
who faced the spraying needle and followed with drying process at 150 °C. 
 
Figure 5.1 Schematic illustration of the electrospray setup and coating 
procedure. 
 
5.1.2 Homogeneous wettability treatment 
The glass fiber nonwovens were dip-coated in the 5.0 wt.% PFAP solution for 
10 minutes. Dripped the excess liquid in fume hood after taking out the filter 




5.2 Results and discussion 
5.2.1 Synthesis of filter with asymmetric wettability 
Figure 5.2a illustrates the chemical structure of the coating materials and the 
procedure for surface treatment of glass fiber nonwoven filter sheets is 
schematically described in Figure 5.2b.  
 
Figure 5.2 (a) Structures of chemicals used in this experiment. PFAP for 
superoleophobic spray-coating, GPTE and I-MI for superoleophilic pre-





A two-step process was employed to make a filter sheet have asymmetric 
wettability in thickness direction, which comprising pre-treatment by dip-
coating in a 2.0 wt.% glycerol propoxylate triglycidyl ether (GPTE) ethanol 
solution and electrospraying to apply perfluoroalkyl acrylic copolymer (PFAP) 
on one side of the nonwoven filter sheet. Filter with homogeneous 
superoleophobic was prepared by a dip coating method.  
 
5.2.2 Imbalanced wettability  
Figure 5.3a shows the confocal laser scanning microscope (CLSM) images of 
the fiber sheets across the thickness direction. The red regions are PFAP 
treated, and the coating contains a tracking agent (Rhodamine B dyed). A 
uniform coating layer can be seen on the electrosprayed side (referred to “E-
side”), while the non-electrosprayed side (referred to “N-side”) remained 
unchanged. The coating depth was controlled through adjusting spraying 
time and feeding rate of the PFAP solution during electrospraying. In this 
study, coating depth of 0 (non-sprayed), 110 µm, 160 µm, 320 µm, 480 µm, 
and 680 µm (dip coated) were prepared. The fabrication details (e.g. solution 




Figure 5.3 (a) CLSM images of dip coated and electrosprayed glass fiber 
nonwoven filter sheet with imbalanced wettability in cross-section profile. (b) 
Photo of DEHS droplets on treated glass fiber filter surface. Still frames taken 
from a video showing oil transport process when dropping DEHS on fabric 
surface through different side (time 0s, 15s, 60s, 150 µl for each drop. Small 




















522.00 6.69 40.17 80.34 133.90 755.81 
PFAP Coating 
depth (µm) 
0 113.01 161.42 322.99 478.14 677.32 
Sample 
thickness (µm) 
657.48 650 646.12 665.28 643.67 677.32 
Coating depth 
(%) 
0 17.38 24.98 48.55 74.28 100.00 
 
Figure 5.3b illustrates oil wicking behavior of the treated single layer filter 
sheets. Diethyl-hexyl-sebacate (DEHS) containing very small amount of red-
dyed (concentration < 0.05 wt.‰) was used as model. When DEHS (150 µl) 
was dropped onto the GPTE-treated but not spray-treated filter, it spread 
into the fabric matrix in 20 seconds, and the two filter sides showed a similar 
wicking feature. Such a bi-directional wicking property was originated from 
the superoleophilic surface due to GPTE coating treatment.  
When DEHS was dropped onto the electrosprayed filters, the wicking 
performance varied dependent on the PFAP coating depth and the side to 
which the DEHS was applied. For the filter with PFAP coating depth of around 
110 µm, it showed directional oil transport (DOT) feature. When oil was 
dropped onto the E-side, it penetrated through the filter and spread into the 
N-side layer, whereas when oil was dropped onto the N-side, it just spread 
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along the surface without penetration through the filter. For the filter sheets 
with thicker PFAP coating layer, they showed non-transport property, which 
stopped oil penetration through the filter layer no matter to whichever side 
the oil was applied to.  
Figures 5.4 a & b show the surface wettability of the fibrous filter with 
imbalanced wettability. For N-side, the filter sheets maintained 
superoleophilic until the PFAP coating reached a depth of 480 μm, where the 
oil dropped can just stay on the filter surface at a transient contact angle of 
140° for 16 seconds before spreading into the fibrous layer. Deeper PFAP 
coating led to stable contact angle (CA) formed between oil droplet and filter 
surface (N-side). On the E-side, the CA was also dependent on the PFAP 
coating depth, but showed a different profile to that on the N-side. At the 
PFAP coating depth around 110 μm, oil drops showed an initial CA of 113°, 
and reduced to 0° in 0.4 seconds. When the PFAP coating depth was larger 
than 160 μm, oil drop on the E-side showed a stable CA. With increasing the 




Figure 5.4 (a) DEHS initial contact angle (3 µl) of glass fiber fabrics with 
different oleophobic coating depth tested from E-side and N-side. (b) DEHS 
wetting time (3 µl) tested from both sides. 
 
5.2.3 Breakthrough pressure 
To further probe the wicking property, the minimal pressure required for 
DEHS fluid to pass through the filter sheet was measured. Figure 5.5 shows 
the breakthrough pressure results. Without PFAP, the GPTE-treated filter 
showed almost identical breakthrough pressure value on the two sides. 
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When the filter sheet was fully coated with PFAP, the two sides showed 
identical breakthrough pressure on the two sides as well, however, the 
pressure value was much larger than that on the filter just treated with GPTE. 
This is because superoleophilic pores in the GPTE coated filter can generate 
a large capillary force to draw oil fluid into the fibrous structure, whereas 
superoleophobic pores formed by the PFAP coated filter generate a negative 
capillary force to prevent oil from inflowing into the structure.  
 
Figure 5.5 Breakthrough pressure of glass fiber filters with different 
oleophobic coating depths and the differential pressure between two sides. 
 
For the filters with imbalanced wettability, they showed different 
breakthrough pressure on the two sides. It was interesting to note that the 
DOT filter sheet showed a smaller breakthrough pressure value on the E-side 
than the N-side, i.e. PE<PN. However, for the other single-side electrosprayed 



















































filter sheets, which have imbalanced wettability with larger oleophobic layer 
thickness, the breakthrough pressure on the E-side was larger than that on 
the N-side, i.e. PE>PN. The smaller breakthrough pressure on the E-side of the 
DOT filter was explained by the proactively liquid transport ability of DOT. 
Detailed physical properties are demonstrated in Table 5.2. 
 
Table 5.2 Physical properties of single layer filter with imbalanced wettability  
Coating depth (µm) 0 110 160 320 480 680 
Wetting 
time (s) 
Water 0.099 0.462 0.594 9.636 14.45 - 
DEHS 0.319 0.36 0.275 0.242 16.008 - 
E-side 
Water contact angle 
(°) 
0 156.1 159 161.4 163.4 163.1 
DEHS contact angle 
(°) 
0 113.4 135.6 139.6 148.4 153.6 
DEHS breakthrough 
pressure (Pa) 
131 247 1890 2367 1519 3900 
N-side 
Water contact angle 
(°) 
0 0 0 130.4 134.3 163.1 
DEHS contact angle 
(°) 
0 0 0 0 140.5 153.6 
DEHS breakthrough 
pressure (Pa) 
131 537 1882 2215 2397 3900 
 
5.2.4 Surface morphologies 
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The surface morphology of the coatings was observed on SEM. Both GPTE 
and PFAP coated fibers looked uniform on surface (Figure 5.6a). TEM imaging 
indicated that the coatings were 23 ± 1 nm in thickness (Figure 5.6b). 
 
Figure 5.6 (a) SEM images of glass fiber nonwoven filter mats: N-side and E-




5.2.5 Effect of coating treatment on sample structures 
 The pore size distribution of treated and untreated samples are illustrated in 
Figure 5.7. All the three samples showed similar pore size distribution profile.  
 
Figure 5.7 Pore size distribution of glass fiber filter with different surface 





The mean pore size of the glass fiber filter with a superoleophilic (i.e. pre-
treated) surface was 6.613 µm. After one side electrospray (coating depth 
110 µm), the filter mean pore size changed to 6.618 µm. After 
superoleophobic coating treatment, the filter showed a mean pore size of 
6.623 µm. These results indicate that the coating treatments show very little 
effect on pore size and pore size distribution. 
To clarify the effect of coating treatment on filter structures, the air 
permeability of the filter sheet using oil-free air was measured, as illustrated 
in Figure 5.8. For the filters with imbalanced wettability, the air permeability 
showed almost no difference between sprayed and non-sprayed surfaces. 
The coating depth has almost no influence on air permeability as well. In 
summary, such thin coatings have very little influence on fibrous structure. 
 
Figure 5.8 Air permeability of coated filters with different coating depth. 






























5.2.6 Chemical characterization after coating treatment 
The chemical components of the coatings were verified by FTIR (Figure 5.9). 
For the GPTE treated filter sheet, the peaks occurred at around 913 cm-1 and 1098 
cm-1, which were attributed to the deformation and stretching vibration of C-O-C 
of glycidyl groups. This was originated from the crosslinking of GPTE. For the 
electrosprayed surface, peaks at around 810 cm-1 and 1143 cm-1 appeared, being 
assigned to the C-F stretching band. The peak around 1687 cm-1 corresponded to 
the appearance of stretching of C=O band in acrylic segment. The peaks around 
2953 cm-1 and 2852 cm-1 corresponded to alkyls. 
 
Figure 5.9 FTIR spectrum of electrosprayed glass fiber nonwoven filters 
































5.2.7 Coating durability 
As shown in Figures 5.10 & 5.11, the coating has reasonable durability, which 
can withstand heat treatment at an elevated temperature (e.g. 150 °C) for at 
least 72 hours without losing the surface feature and DOT property. One hour 
ultrasonication in water, ethanol or DEHS did not alter the surface properties 
as well.  
 
Figure 5.10 Oil contact angle on both sides of (a) Superoleophobic filters and 




Figure 5.11 Oil contact angle on both sides of DOT filters after one hour 
ultrasonication in (a) water, (b) ethanol, and (c) DEHS.  
 
5.2.8 Filtration performance of single layer filters 
From the literature,[25, 119] it was reported the effect of one-side hydrophobic 
coating on the wicking behavior of hydrophilic fabrics. Directional water 
transport was observed when the hydrophobic coating layer reached a 
certain thickness. However, non-wicking between the two sides resulted 
when the hydrophobic coating depth was larger than a critical value. The 
single-side electrosprayed filter sheets showed a similar liquid transport 
feature,[26, 27, 119] except that the transport happened to oil fluid. Such an 
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unusual oil transport feature is expected to exert an effect on oil 
accumulation and transport within the fibrous filter.[144] 
The filtration performance of the filter sheets was examined using an 
established method as reported in previous chapter.[207] Aerosol oil mists 
(DEHS) were generated and fed through a filter. The filtration performance 
was measured on a purpose-built system at an ambient pressure. The 
filtration efficiency for small mists (0.01-0.8 µm) and large mists (0.5-20 µm) 
were collected separately at pseudo-steady state.  
5.2.8.1 Filtration efficiency 
Figure 5.12-5.15 shows the filtration results of the single layer filters. Since 
the filters with imbalanced wettability showed different wetting properties 
on the two sides, they were measured separately with different sides facing 
upstream. Figures 5.12 a & b show the filtration efficiency results. When N-
side faced upstream the filtration efficiency ( ) was always higher than that 
of the reverse, i.e. E-side facing upstream, ( ). The filtration efficiency for 
large oil mists was higher than that of small mists. With increasing oleophobic 
coating depth, the filtration efficiency increased for both small and large oil 
mists (see more filtration data in Table 5.3). Here, differential efficiency
, was used to probe the effect of imbalanced wettability on 
filtration efficiency. It was interesting to note that  for the filters with 
imbalanced wettability was nonzero and the one with DOT property had the 
largest  value, being 10%. Testing from E-side has lower filtration 
N
E





efficiency, because liquid could pass through the filter when it has DOT 
behavior. As expected, the filters with homogeneous wettability showed 
identical filtration efficiency on the two sides (i.e. =0). These results 
suggest that wettability imbalance and DOT influence filtration performance. 
The one with DOT offers different filtration performance to the other 
wettability imbalances.  
When the filters have 160 µm or thicker oleophobic coating depth, the 
filtration efficiency increased. Thicker oleophobic coating depth provide 
better oil repellence to intercept the liquid, there is no DOT behavior 
happened from N-side in this condition. It is more difficult for oil mists to 






Figure 5.12 Filtration performance of single layer glass fiber filter with 
imbalanced wettability tested from different sides. (a) Filtration efficiency of 
small oil mists (size 0.01-0.8 µm). (b) Filtration efficiency of large oil mists 













































0 6.32 83.45 0.28 99.12 0.75 
110 5.13 89.59 0.44 99.56 1.06 
160 6.36 94.38 0.45 99.95 1.20 
320 5.76 94.47 0.50 99.91 1.23 
480 6.86 94.76 0.43 99.96 1.15 
















0 6.32 83.45 0.28 99.12 0.75 
110 6.22 79.64 0.26 99.17 0.77 
160 6.64 89.37 0.34 99.27 0.74 
320 6.53 91.12 0.37 99.29 0.76 
480 3.41 94.16 0.83 99.64 1.66 
680 6.12 94.81 0.48 99.93 1.20 
 
5.2.8.2 Pressure drop 
Figures 5.13 show the pressure drop results of the filters. For the filters with 
imbalanced wettability, the pressure drop for feeding aerosol from N-side 
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( ) was lower than that from the E-side ( ), except for the sample with 
oleophobic coating depth of 480 μm. The difference in pressure drop comes 
from the different oil wicking behaviors of the two sides, which affects the 
formation of drainage networks within the filter matrix. Among the samples 
tested, the one with DOT property showed lowest , 5.13 kPa, regardless 
of the wettability profile.   
 
Figure 5.13 (a) Pressure drop with oil mist inlet from E-side, (b) pressure drop 






In comparison, showed different change trend to . The lowest 
(3.41 Pa) was found on filter with oleophobic coating depth of 480 μm, which 
has no DOT ability. Such unusually low pressure drop was presumably 
attributable to the drainage network profile, which warrants for further 
studies in detail.   
As discussed in Figure 5.8 before, the air permeability showed almost no 
difference between the two surfaces when oil-free air passed the sample. It 
demonstrated that the difference in pressure drop between the two filter 
sides comes from the effect of oil collected on air flow.  
5.2.8.3 Quality factor 
Quality factor ( ) is widely used for comparison of filtration performance, 
which was calculated based on filtration efficiency and pressure drop.[208] 
Higher  indicates better filtration performance with relatively lower 
energy consumption. Almost all the filters with imbalanced wettability 
showed higher  than the reverse arrangement, except for the one with 








Figure 5.14 (a) Quality factor for small oil mists. (b) Quality factor for large 
oil-mists.  
 
5.2.9 Filtration performance for dual-layer filters 
For practical applications, a filter element usually consists of interconnected 
multi-layer filter sheets. Here, dual-layer fibrous filters (overall thickness 
around 1340 µm) were investigated. Because of the special wetting and 
filtration behavior, a DOT filter was selected as one of the layers. In previous 
chapter, it is elucidated that superoleophobic filter shows higher filtration 
efficiency than oleophilic filter but having similar pressure drop.[207] 
150 
 
Therefore, a superoleophobic filter, i.e. glass fiber nonwoven sheet fully 
coated with PFAP, was selected as another layer. Both layers had a similar 
fibrous structure and equivalent thickness. 
5.2.9.1 DOT layer in different position + superoleophobic layer 
Figure 5.15 shows the layouts of combining the two filter layers. The 
corresponding filtration results are shown in the following Figures 5.16 & 
5.17. The arrangement of DOT layer in the filter showed an effect on oil 
filtration performance (see more details in Table 5.4). When the DOT sheet 
facing upstream, the filter had higher efficiency than that in the back. Among 
the four layouts, the layout II showed the highest filtration efficiency (99.45% 
for small mists and almost 100% for large mists). The higher filtration 
efficiency was reasonably associated with the DOT ability and the 
arrangement in the filter. Layout I, in which the superoleophilic region faced 
upstream directly, showed the lowest filtration efficiency for small mists 
(98.09%).  
 
Figure 5.15 Schematically illustration of the dual-layer filter layouts (one layer 
with DOT and another layer with superoleophobicity) 
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The pressure drop for the layout II was the lowest (9.29 kPa) among the four 
layouts (Figure 5.16). When the DOT layer was set in the back layer of the 
filter, larger pressure drop resulted. The highest pressure drop (11.52 kPa) 
appeared in the layout with the superoleophilic region located at the rear 
face (layout IV). This can be explained by different droplet capture 
mechanisms of superoleophobic and superoleophilic filters.[207] In fibrous 
matrix, when oil mists reach a superoleophobic fiber, they will bounce back 
and forth like elastic balls. Small oil mists will collide with each other until 
they become large enough to be drained away. However, for superoleophilic 
filter, oil drops spread on fiber surface and then accumulate into a fluid film. 
 
Figure 5.16 Pressure drop of the dual-layer filters (one layer with DOT and 
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Figure 5.17 also includes results. As expected, layout II showed 
significantly higher  values than other samples, 0.56 kPa-1 and 1.75 kPa-1 
for small and large oil mists, respectively. The value for large oil mists was 
above 3 times higher than that of the layout IV (0.54 kPa-1). 
 
Figure 5.17 filtration efficiency and quality factor of (a) small oil mists (size 












































DOT E-side 11.53 98.98 0.40 99.81 0.54 
 
 
5.2.9.2 Different coating depth oleophobic layer + superoleophobic layer 
To find out the role of DOT and imbalanced wettability in oil mist filtration, 
another batch of experiments was conducted based on a dual-layer filter 
design (layout-II) with variable oleophobic/superoleophilic layer thickness. 
The overall thickness of the front layer was still kept the same. Figure 5.18 
shows the filter layout and Figures 5.19 &5.20 show the corresponding 
filtration results. Six groups of filter samples were involved. With the 
thickness of the oleophobic layer (x µm) increasing from 0 to 680 μm, the 
filtration efficiency increased initially and then decreased (see more details 
in Table 5.5). The one with DOT property showed the highest filtration 
154 
 
efficiency and  (99.45% and 0.45 kPa-1 for small oil mists; nearly 100.00% 
and 1.75 kPa-1 for large oil mists). This could come from the proactive oil 
collection ability of the DOT layer, which can effectively collect oil droplets 
and maintain the front face dry (see liquid wicking, breakthrough pressure, 
and oil-free air permeability in Figure 5.21, Table 5.6, and Table 5.7).  
 
 
Figure 5.18 Schematically illustration of the dual-layer filter with one layer 
with different oleophobic coating depths (x = 0, 110, 160, 320, 480, 680 µm) 
and another layer with superoleophobicity. 
 
 
Figure 5.19 Pressure drop of the dual layer filters 
fQ






























Figure 5.20 Filtration efficiency and quality factor of (a) small oil mists; (b) 
large oil mists. 
 
It was expected that the sample contained imbalanced wettability of 
oleophobic layer thickness 480 μm had a lower pressure drop and higher 
quality factor. However, this sample had lower quality factor and higher 
pressure drop than the DOT containing one, indicating the critical role of DOT 
in oil mist filtration.  
It was demonstrated that superhydrophobic treatment leads to increase in 
filtration . For dual-layer filters, superoleophobic-superoleophobic filter fQ
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shows larger value than both control-control and control-
superoleophobic filters, whereas the control-superoleophobic filter shows 
higher value than the control-control.[207] Here, the DOT-superoleophobic 
dual-layer filter has not only the highest filtration efficiency but also the 
largest among all the dual-layer filters studied. However, it has a slightly 
higher pressure drop than the homogeneous superoleophobic filter. The 
highest quality factor suggests the optimal filter design facilitating the air 
passing through and meanwhile effectively removing oil mists. This reported 
the incredibly oil filtration behaviors achieved by DOT-superoleophobic filters. 
In comparison to superoleophilic-superoleophobic and superoleophobic-
superoleophobic dual-layer filters, the directional oil-
transport/superoleophobic filter has a quality factor of 0.56 kPa-1, 44% and 
30% higher for small mist, and 1.75 kPa-1, 20% and 11% higher for large oil 
mist filtration. The large improvement in filtration of small oil mists is 
significant, whereas the small increase in quality factor for large oil mists is 
































0 Superoleophobic 8.80 96.79 0.39 100.00 1.45 
110 Superoleophobic 9.29 99.45 0.56 100.00 1.75 
160 Superoleophobic 9.73 99.30 0.51 100.00 1.12 
320 Superoleophobic 9.19 99.13 0.52 100.00 1.46 
480 Superoleophobic 9.53 99.21 0.51 100.00 1.35 










Figures 5.21 a&b are still frames taken from a video showing oil transport 
process when dropping DEHS (100 µl) on fabric surface (time 0s, 15s, 60s). A 
small amount of oil red dye was added to the DEHS liquid. The trace red dye 
had no influence on contact angle. The figures describe the liquid wicking 
behavior on dual-layer glass fiber filter mats. DOT happened on front layer 
while the following superoleophobic layer repel the oil liquid.  
 
Figure 5.21 Photo of DEHS wicking behavior on dual-layer glass fiber filter 
mats. Front layer: various PFAP coating depth, second layer: superoleophobic. 
(a) Front layer with homogeneous wettability. (b) Front layer with 










Front layer Rear layer 
Superoleophilic Superoleophobic 4025 
DOT E-side Superoleophobic 4421 
DOT N-side Superoleophobic 4293 
Superoleophobic DOT N-side 4031 
Superoleophobic DOT E-side 4077 
Coating depth 160 µm Superoleophobic 4587 
Coating depth 320 µm Superoleophobic 4618 
Coating depth 480 µm Superoleophobic 4095 















Table 5.7 Air permeability of filters with different PFAP coating depths. 
(a) Single layer filters 








(b) Dual-layer filters 
Filter layout 
Air permeability (cm3cm-2s-1) Front layer 
coating depth (µm) 
Rear layer 
0 Superoleophobic 2.22 
110 Superoleophobic 2.29 
160 Superoleophobic 2.27 
320 Superoleophobic 2.26 
480 Superoleophobic 2.25 






5.2.10 Proposed mechanisms 
The mechanism for the DOT-involved oil mist filtration was proposed, as 
illustrated in Figure 5.22. For a single layer sample, the layout with 
superoleophilic layer facing upstream has better filtration performance than 
that in reverse. Once captured, the oil droplets spread on fiber surface and 
then merge into liquid films in the fiber intersection regions.[18, 23, 209] The 
strong repellency of the rear superoleophobic region prevents the oil flow 
from penetrating through the fibrous layer. They tend to move along the 
edges and drain away. However, there is still a certain amount of oil moving 
with air stream and migrate to the back surface of the filter. In this case, the 
DOT can transfer them back to the front superoleophilic zone, effectively 





Figure 5.22 Proposed oil mist filtration mechanisms. (a) Single-layer DOT filter 
(N-side faced upstream), (b) DOT-superoleophobic dual-layer filter (DOT on 
the front).   
 
DOT-superoleophobic dual-layer filter shows different filtration mechanism 
to single layer DOT filter, because of the second layer superoleophobic filter. 
In this case, oil mists are collected in the different way to the single layer DOT 
filter. As illustrated in Figure 5.22b, oil mists are captured continuously by the 
front DOT layer, meanwhile keeping the upfront face layer dry. Thus, a 
continuous aerosol mist captured process is built by the front DOT filter. The 
superoleophilic layer could act as a temporary oil reservoir to redistribute the 
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collected oil droplets. As the coalesced oil droplets run to the following 
superoleophobic interface, they are repelled by the superoleophobicity. As a 
result, the liquid tends to drainage off directly (see image results in Figure 
5.23).  
 
Figure 5.23 Digital photos of dual-layer glass fiber filters with imbalanced 
wettability after filtration test. (a-c) Layout of tested filter, digital photos of 
the front face and rear face (refers to Figure 3a#I, front layer: DOT N-side, 
rear layer: superoleophobic). (d-f) Layout of tested filter, digital photos of the 
front face and rear face (refers to Figure 3a#II, front layer: DOT E-side, rear 




The filtration routes for the dual-layer filters in other layouts were also 
proposed in Figure 5.24. As shown in Figure 5.24a, oil mists collected by the 
front superoleophilic layer and then transfer proactively to the following 
oleophobic layer. However, the oil droplets in the superoleophilic layer were 
hard to drain to the back layer because of the oleophobic nature. Instead, 
they drain off the superoleophilic fibrous layer under the action of the air 
stream. As strong liquid repellency was provided by the rear superoleophobic 
layer, flow resistance increased due to the formation of liquid film. As a result, 
the filtration efficiency and the quality factor for small oil mists were 




Figure 5.24 Oil mist filtration mechanism for DOT-involved dual-layer filters. (a) 
Front layer: DOT N-side, rear layer: superoleophobic (referred to Figure 3a#I), 
(b) Front layer: superoleophobic, rear layer: DOT N-side (referred to Figure 
3a#III), (c) Front layer: superoleophobic, rear layer: DOT E-side (referred to 
Figure 3a#IV). 
 
For the filter with the superoleophilic region located between the front 
superoleophobic layer and rear oleophobic thin layer (Figure 5.24b), the 
remaining oils were difficult to drain away after filtered by the front 
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superoleophobic layer. The oil adsorbed was blocked by the following 
oleophobic layer. As a result, the pressure drop is relatively high compared 
with others. 
For filter with superoleophilic region located at the rear face (Figure 5.24c), 
the filtration process spent much more energy and resulted in insufficient 
efficiency. The oil mists filtered by the front superoleophobic layer was 
collected by superoleophilic layer. They were easily blown into the 
downstream flow, increasing re-entrainment.   
 
5.3 Conclusions 
It is shown that asymmetric wettability can have a critical effect on oil mist 
filtration. No matter whether it is used alone or combining with a 
superoleophobic filter, it can increase the filtration efficiency especially for 
small oil mists but not change the pressure drop much. The filtration 
performance is also determined by wettability arrangement within filter. 
Filtration performance can be greatly enhanced when a directional oil 
transport filter is combined with a superoleophobic filter. At the optimal 
condition, the dual-layer filter reaches a filtration efficiency of 99.45% and 
nearly 100.00% for small and large oil mists, respectively, with the respective 
quality factor of 0.56 kPa-1 and 1.75 kPa-1. The quality factor is surplus to that 
of the dual-layer filters with homogeneous wettability and asymmetric 
wettability of other superoleophobic/superoleophilic combinations. 
Directional oil transport-superoleophobic filters may form a critical 
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Chapter 6. Lowering Oil-mist Filtration Resistance through 
In-plane Superoleophobic-Superoleophilic Patterns  
In this chapter, an effective approach to increasing aerosol oil-mist filtration 
efficiency meanwhile largely reducing the pressure drop of fibrous filters is 
demonstrated, simply by surface treatment to make the filters have an in-
plane superoleophilic and superoleophobic pattern.  
 
6.1 Materials Preparation 
6.1.1 In-plane patterned filters 
Figure 6.1 illustrates the process of preparing in-plane superoleophobic-
superoleophilic strip patterns on glass fiber filter mats. A two-step coating 
process was employed. In the first step, the glass fiber filter was treated to 
have a superoleophilic surface. The superoleophilicity was achieved by dip 
coating in glycerol propoxylate triglycidyl ether (GPTE)/1-MI ethanol solution 
and then dried at 70 °C. After that, 1.25 g Tridecafluorooctyl triethoxysilane 
(FAS, Dynasylan F8261) was mixed with 5g perfluoroalkyl acrylic copolymer 
(PFAP), and the mixture was stirred magnetically for 5 hours. 43.5 g water 
was added into the mixture and stirred for another 5 hours to get the solution 
for spray-coating. Superoleophobic patterns were formed on the 
superoleophilic filter by selectively spraying PFAP-FAS on the filter surface. 
During spraying treatment, a plastic grid mask was used to cover the 
uncoated areas (see photos in Figures 6.2 a & b). The patterns were formed 
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throughout the filter thickness. Details about the spraying process and 
conditions are shown in the Table 6.1. 
 
Figure 6.1 Illustration of the procedures for making superoleophobic-





Figure 6.2 Digital photos of plastic masks for spray coating (a) masks for Series 








Table 6.1 Spray parameters for preparing patterned filters  
Series I samples 






















I-15 15 15 13.5 16.5 30 50% 
I-10 10 10 8.5 11.5 20 50% 
I-5 5 5 3.5 6.5 13 50% 
I-3 3 3 2 4 10 50% 
I-2 2 2 1 3 8 50% 
 
Series II samples 





















II-8-2 8 2 6.5 3.5 14 80% 
II-7-3 7 3 5 5 13 70% 
II-5-5 5 5 3.5 6.5 13 50% 
II-3-7 3 7 2 8 10 30% 
II-2-8 2 8 1 9 8 20% 
 
 
6.1.2 Homogeneous superoleophobic filters 
The filter with homogeneous superoleophobic surface was also prepared in 
this chapter in order to combine with the one with in-plane patterns. 5.0 wt. % 
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PFAP water solution was prepared followed by the method reported in 
previous chapter. [207] As shown in Figure 6.3, an untreated filter sample was 
dip-coated with the as-prepared solution. Then drying at room temperature 
and finally curing at 150 °C for 1 hour. 
 
Figure 6.3 Preparation method of homogeneous superoleophobic surface. 
 
6.2 Results and discussion 
6.2.1 Wettability of filter with in-plane superoleophobic-superoleophilic 
patterns 
Figure 6.4 shows red-colored DEHS (diethyl hexyl sebacate, 10 µl each) on the 
treated glass fiber mats. The sample just coated with GPTE was wetted 
rapidly by DEHS in less than 0.1s, and it had a CA of 0°, which are the typical 
characteristics of superoleophilicity.[210] For the PFAP/FAS treated surface, it 
had a DEHS contact angle as high as 154°, and DEHS droplet can stay in a 








Figure 6.4 Red dyed DEHS on patterned filter and its contact angle (CA) on 
sprayed and non-sprayed area. 
 
 
Figure 6.5 The DEHS CA stability of the patterned surfaces. 
 
To examine the effect of in-plane superoleophobic/superoleophilic patterns 
on filtration properties, two series of samples that have alternative 
superoleophobic and superoleophilic surface strips were used. For the series 

























I samples, the superoleophobic and the superoleophilic strips were kept at 
the same width (d). The samples with different d, i.e. d= 2, 3, 5, 10, and 15 
mm, were prepared, and they are referred to as “I-d” in this paper (see 
photos in Supporting Information S3).  Figure 6.6 shows the digital photos of 
series I & II samples with various strip width. For the series II samples, the 
width of the superoleophobic strip (d1) and the adjacent superoleophilic strip 
(d2) was kept at 1 2 10d d mm  , whereas the relative width of d1 and d2 varied, 
i.e. d1=8, 7, 5, 3, 2 mm (i.e. d2= 2, 3, 5, 7, 8 mm, accordingly). They are marked 
as “II-d1-d2” in this paper.  
 
Figure 6.6 Schematic illustration and digital photos of coated glass fiber filter 
with different in-plane patterns. 
 
6.2.2 Surface morphologies 
Figure 6.7 shows the SEM images of the filters before and after coating 
treatments. The glass fibers oriented randomly in the fibrous structure. The 
coating treatment has very little effect on fiber morphology. TEM imaging 
indicates that the GPTE-PFAP/FAS layer had a thickness of 31 ± 2 nm, which 
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was averaged from 30 different points (Figure 6.8). The slight non-uniformity 
in nanoscale would not affect the filtration performance in macroscale. 
 
Figure 6.7 SEM images of glass fiber filter before (superoleophilic) and after 
(superoleophobic) spray coating.  
 
 
Figure 6.8 TEM image of spray-coated single fiber. 
 
6.2.3 Chemical characterization after coating treatment 
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Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron 
spectroscopy (XPS) were used to verify the chemistry of the coating on filter. 
As shown in Figure 6.9, FTIR was applied to validate the successful coating 
treatment. The peak at round 810 cm-1 represent the appearance of Si-O in 
fluoroalkylsilane. Peaks appeared at around 913 cm-1 and 1084 cm-1, which 
were attributed to the deformation and stretching vibration of C-O-C of glycidyl 
groups in crosslinked pre-treated filters (GPTE treated, superoleophilic). For spray 
coated filters, the peaks occurred at around 1234 cm-1 and 1146 cm-1 
corresponded to the stretching of C-F band. Peaks appeared at around 1685 was 
assigned to the C=O stretching in acrylic segment.  
 
Figure 6.9 FTIR spectrum of spray coated (superoleophobic) and pre-treated 
(superoleophilic) sample.  
 
Figure 6.10 represented the XPS survey spectra, sample after spray coating 





























surface, who came from PFAP and FAS coating solution. The peaks at 291.5 
eV and 293.7 eV in high resolution C 1s spectrum (Figure S2c) assigned to -
CF2- and -CF3 groups after spray coating. Figure S2d F 1s spectrum also 
confirmed the appearance of to -CF2- and -CF3 groups in PFAF/FAS coating.  
 
Figure 6.10 (a) XPS survey spectra, (b) High-resolution C1s spectra of spray 




6.2.4 Effect of coating treatment on pore size distribution 
To study the effect of spray coating treatment on fibrous filter structure, pore 
size distribution was tested (Figure 6.11). The mean pore size of the 
untreated filter was 6.68 ± 0.61 µm, of superoleophilic filter was 6.61 ± 0.59 
µm, and that of the superoleophobic filter was 6.62 ± 0.57 µm. These three 
samples showed similar pore size distribution profiles. The results indicated 
that the coating treatments show very little effect on average pore size and 




Figure 6.11 Pore size distribution (a) untreated sample (b) pretreated 
superoleophilic sample and (c) spray coated superoleophobic sample. 
 
6.2.5 Coating durability 
Durability is necessary to ensure the feasibility of the coated filters. Figures 
6.12 & 6.13 describe the wettability of coated filter after heating and 
ultrasonication in various liquid. The coatings were very durable and showed 
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no loss in surface feature (keep superoleophobicity or superoleophilicity) 
after heating at evaluated temperature (150 °C) for 72 hours, one hour 
ultrasonication in water, ethanol or DEHS. The superoleophilic coating 
showed slightly better durability than the superoleophobic one. This could be 
explained by the stronger adhesion of the superoleophilic coating to glass 
fibers. 
 
Figure 6.12 Contact angle of filters in-plane pattern after thermal durability 
test, heat at 150°C for 3 days. 
 

























Figure 6.13 Contact angle of filters in-plane pattern after ultrasonication in 




6.2.6 Breakthrough pressure 
To ensure the influence of in-plane superoleophobic/superoleophilic strip 
patterns on liquid flow, breakthrough pressure (Figure 6.14) was investigated 
by measuring the minimal pressure required for DEHS fluid to penetrate 
across the fibrous filter. All patterned samples had similar breakthrough 
pressures around 100 Pa, which was much lower than the one with 
homogeneous superoleophobicity (3279.8 Pa) or superoleophilicity (150.8 
Pa). The reason might be the superoleophilic stripe between two 
superoleophobic stripes could generate a large capillary force to push the oil 
flow into the fibrous structure, while the superoleophobic samples only 





Figure 6.14 Breakthrough pressure of glass fiber samples in different in-plane 
superoleophobic /superoleophilic patterns (a) series I, (b) series II. 
 
6.2.7 Filtration performance of single layer patterned filters 
The filtration performance of the filter mats was measured by a purpose-built 
system as reported in previous chapters.[207, 211] Filtration efficiency (ε) for 
small oil mists (size 0.01 - 0.8 µm) and large oil mists (size between 0.5 - 20 




6.2.7.1 Pressure drop 
The filtration results of single-layer filters were presented in this chapter. 
Both sample series showed lower pressure drop than the homogeneous 
superoleophobic filter (marked as sample “C-phobic”) and the homogeneous 
superoleophilic filter (marked as sample “C-philic”) of the same fibrous 
structure (Figures 6.15 a & b).  For the series I, with increasing d, the ΔP 
decreased until the d reached 5 mm. Further increasing d led to increase of 
ΔP. For the series II, the variation of ΔP with strip width showed a similar 
trend to series I. The filter with alternative superoleophobic/superoleophilic 
strips at 5 mm (II-5-5) had the lowest value 2.49 kPa. The samples with wider 
superoleophobic strips (e.g. II-7-3) had lower ΔP than the reverse 
combination ones (i.e. II-3-7). In comparison with the homogeneous 
superoleophobic filter (C-phobic ΔP= 6.54 kPa) and homogeneous 
superoleophilic filter (i.e. C-philic ΔP= 6.29 kPa), the series I and II filters 
showed lower ΔP, up to 61.9% and 60.4% reduction. The significant reduction 
in pressure drop will considerably reduce the energy consumption during 




Figure 6.15 Pressure drop of single layered filters (a) series I, (b) series II. 
 
6.2.7.2 Air resistance 
Here, it should be pointed out that the reduction of pressure drop due to the 
use of superoleophobic-superoleophilic patterns just happens during 
filtration of aerosol oil mists. When the air contains no oil mists, clean air for 
instance, the patterns show almost no influence on air permeability and 
pressure drop (Figures 6.16 & 6.17). Therefore, the effect of 
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superoleophobic-superoleophilic patterns on aerosol oil mist filtration should 
come from the effect of the wettability pattern on the filtration process and 
the distribution of the oil fluid collected within the filter matrix. 
 
Figure 6.16 Air permeability (BS 5’636 Standard, test area of 5 cm2, test 






Figure 6.17 Dry state air resistance of patterned samples in different 
superoleophobic/superoleophilic patterns: (a) Series I, (b) Series II. 
 
6.2.7.3 Filtration efficiency 
Figure 6.18a describes the stable filtration efficiency of the Series I samples 
of small oil mists. With increasing the superoleophobic strip width, the 
efficiency increased gradually until d=10 mm. Further increasing d led to a 
drop in efficiency ε. The sample I-10 showed the highest filtration efficiency 
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of 93.54% among the Series I samples, and I-5 followed the second with an 
efficiency of 93.23%. Those values are slightly lower than that of C-phobic 
(94.81%), but much higher than that of C-philic (83.45%). For the large oil 
mists, the samples showed a similar trend, however, with the efficiency very 
close to the controls, due to the high efficiency for large oil mists, being above 
99% (Figure 6.18b). 
 
Figure 6.18 Filtration efficiency and quality factor for layered filters in Series 
I: (a) small oil mists (size between 0.01 - 0.8 µm) (b) large oil mists (size 
between 0.5 - 20 µm). 
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Figures 6.19 a & b show the filtration performance for Series II, which has a 
similar trend to the Series I samples. For small oil mists, with increasing the 
relatively width of the superoleophobic strip, the efficiency followed a 
gradual increase and then decrease trend. For large oil mists, the filtration 
efficiency fluctuated around 99%.  
 
Figure 6.19 Filtration efficiency and quality factor for layered filters in Series 
II: (a) small oil mists (size between 0.01 - 0.8 µm) (b) large oil mists (size 




6.2.7.4 Quality factor 
In Series I samples (Figure 6.18), I-5 offered the highest QF for both small mists 
(1.08 kPa-1) and large mists (2.18 kPa-1). The QF value was over 2 times higher 
than that of C-phobic (0.49 kPa-1/1.38 kPa-1 for small/large oil mists) and C-
philic (0.47 kPa-1/0.89 kPa-1). 
Among Series I samples (Figure 6.19), it was interesting to note that II-5-5 
showed the highest efficiency and quality factor. For large oil mists, the 
quality factor for II-5-5 (same as I-5) was two or three times higher than that 
of the others.  All filtration data including efficiency, pressure drop and 












































I-15 4.77 89.49 0.47 98.85 0.94 
I-10 3.82 93.54 0.72 99.69 1.56 
I-5 2.49 93.23 1.08 99.56 2.18 
I-3 4.92 89.49 0.46 99.14 0.97 















II-8-2 5.06 88.05 0.42 98.94 0.90 
II-7-3 3.45 89.57 0.66 98.63 1.24 
II-5-5 2.49 93.23 1.08 99.56 2.18 
II-3-7 6.03 89.90 0.38 98.86 0.74 
II-2-8 5.49 87.72 0.38 98.59 0.78 
 
6.2.8 Filtration performance of dual-layer patterned filters 
To improve the filtration efficiency, two layers of the patterned filters were 
employed. The two layers of filter mats were packed closely in a way that the 
contact surfaces were opposite in wetting properties. Figure 6.20 illustrates 




Figure 6.20 Schematically illustration of arrangement in dual-layer filter 
samples. 
 
6.2.8.1 Pressure drop 
The pressure drop for the dual-layer filters (Figures 6.21 a&b) exhibited a 
similar trend to that of the single layer filter. With increasing the width of 
superoleophobic strips, pressure drop followed a decrease and then increase 
tread. Among the dual-layer filters, I-5 (i.e. II-5-5) had the lowest ΔP, being 
4.16 kPa. Such a pressure drop value was 50% of the dual-layer filter from C-




Figure 6.21 Pressure drop of overlapped dual layered filters with in-plane 
patterns (a) series I, (b) series II. 
 
6.2.8.2 Filtration efficiency 
For the dual-layer Series I filters (Figure 6.22), the variation of strip width d 
showed a small change in filtration efficiency for small oil mists, ranging from 
97.23% to 98.77%. Increasing d from 2 mm to 15 mm led to a slight growth 
then decline of the efficiency. This trend is similar to the single layer Series I 
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filters. The dual-layer I-5 and I-10 reached higher efficiency (98.37% and 
98.77%) than both dual-layer C-phobic (98.36%) and dual-layer C-philic 
(97.11%), the results of which are different to the single-layer filters. For large 
mists (Figure 3d), the variation of strip width d showed very little effect on 
the efficiency. All the filters had efficiency fluctuated around 99.90%. The 
highest filtration efficiency value 99.99% was found on the dual-layer I-5 
sample. 
 
Figure 6.22 Filtration efficiency and quality factor of overlapped dual-layer 




 For dual-layer Series II filters (Figure 6.23), the strip width showed a small 
effect on the filtration efficiency for both small and large oil mists. The change 
of strip width led to variation of the efficiency value in the range of 97.12% - 
98.44% for small oil mists and 99.83% - 99.99% for large oil mists. The highest 
filtration efficiency for small oil mists was found on dual-layer II-8-2 (98.44%) 
followed by the sample II-5-5 (98.37%). The highest efficiency for large oil 
mists was 99.99% (dual layer II-5-5 as well), which is high enough for aerosol 
mists removal. 
 
Figure 6.23 Filtration efficiency and quality factor of overlapped dual-layer 




6.2.8.3 Quality factor 
The quality factor trends are described in Figures 6.22 & 6.23. Among the 
dual-layer series I and II filters, the I-d-5 (i.e. II-5) had the highest quality 
factor value (0.99 kPa-1 for small oil mists and 2.27 kPa-1 for large oil mists). 
For small oil mists, I-5 had a QF more than double of the dual-layer controls 
(0.49 kPa-1 for C-phobic and 0.47 kPa-1 for C-philic), and the QF for large oil 
mists was 1.6 times larger than that of C-phobic (1.38 kPa-1) and 2.5 times of 
C-philic (0.89 kPa-1). These results suggest that use of multilayer patterned 
filters allows to largely reduce pressure drop and meanwhile increase 
filtration efficiency. All filtration data including efficiency, pressure drop and 










































I-15 6.45 97.23 0.56 99.90 1.06 
I-10 6.57 98.77 0.67 99.90 1.04 
I-5 4.16 98.37 0.99 99.99 2.27 
I-3 6.51 98.43 0.64 99.84 0.98 















II-8-2 5.56 98.44 0.75 99.87 1.19 
II-7-3 4.48 97.77 0.85 99.83 1.43 
II-5-5 4.16 98.37 0.99 99.99 2.27 
II-3-7 6.41 97.12 0.55 99.78 0.96 
II-2-8 6.75 97.15 0.53 99.85 0.96 
 
 
6.2.9 Filtration performance of patterned and superoleophobic dual-layer 
filters 
To further demonstrate the low pressure drop and high quality factor are 
benefited from the in-plane superoleophobic/superoleophilic strips, another 
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experiment was conducted here. A group of dual- layer filters were arranged 
using an in-plane patterned sample as the front layer and a superoleophobic 
sample as the rear layer and tested the filtration performance. The filter 
layout is shown in Figure 6.24. 
 
Figure 6.24 Schematically illustration of arrangement in dual-layer filter 
samples: superoleophobic/superoleophilic patterned front layer filter and 
superoleophobic rear layer. 
 
The corresponding filtration results of this layout are presented in Figures 
6.25 to 6.27.  It is illustrated that superoleophobicity could bring to better 
filtration efficiency but higher pressure drop. The pressure drop raised up to 
9.33 kPa (Figure 6.24a) when using I-2 sample as the front layer. As I-5 (i.e. II-
5-5) sample was applied as the front layer, 6.66 kPa (Figure 6.24b) which is 
much higher than the flow resistance of overlapped dual-layer in-plane 





Figure 6.25 Pressure drop of dual-layer filter samples: 
superoleophobic/superoleophilic patterned front layer filter and 
superoleophobic rear layer. Front layer: (a) Series I, (b) Series II.  
 
As shown in Figures 6.25 &6.26, the filtration efficiency reached 99.25% for 
small oil mists, which is higher than that of overlapped dual-layer in-plane 
patterned filters. The efficiency for large oil mists still keep high, for almost 
100 %. High quality factor comes from effective oil mist removal and low flow 
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resistance.  At this time, although the filtration efficiency is enhanced, the 
quality factor decreases according to large increase in flow resistance.   
 
Figure 6.26 Pressure drop of dual-layer filter samples: Series I patterned front 





Figure 6.27 Pressure drop of dual-layer filter samples: Series II patterned 
front layer filter and superoleophobic rear layer: (a) small oil mists, (b) large 
oil mists. 
 
6.2.10 Wicking behaviour 
To probe the source of the remarkable improvement in filtration 
performance, the wicking capability of the single-layer filter samples was 
measured in reference of the AATCC 197 standard. Figures 6.28 a & b show 
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the vertical wicking height (l) of DEHS vs time (t) along the filter samples. All 
the samples except the superoleophobic filter (i.e. C-phobic) showed a similar 
l~t curve feature. They varied in height depending on the strip width. Among 
the Series I samples, the filters with d = 2, 3 and 5 mm had a similar l, thought 
their wicking rate is relatively slow. Larger d value resulted in faster wicking 
speed (Figure 6.28a). Among the series II samples, II-5-5 sample had the 
slowest wicking rate (Figure 6.28b).  
 




For porous materials, the rate of liquid penetration was considered as the 
wicking rate of the material, which can be expressed as below based on 













             (Equation 6-2) 
In this equation, l is the the distance of liquid penetrated into the cylinder 












 ) and hydrostatic pressure ( hP gl ).  
The capillary flow in a bundle of parallel cylindrical tubes can be described by 
the Washburn’s equation combined with Poiseuille's Law. When the effects 
from gravity, liquid evaporation and flow resistance are ignored, the wicking 







                      (Equation 6-3) 
where γ is the surface tension of the liquid, r is the idealized capillary radius 
( / 2r D , D is the equivalent capillary diameter), θ is the contact angle of 
the liquid on the capillary material, and η is the viscosity of the liquid fluid. In 
this case, γ, θ and η are identical among different filters since the samples 
and measurement are in the same state. The equivalent capillary diameter D 











                         (Equation 6-4)                 
Based on the equation 6-3, the l~t curves can be converted into D~d 
relationships as shown in Figures 4c & d. For series I samples, with increasing 






 , the smaller r suggests larger capillary force (F) to 
draw liquid into wettable channels. This suggests that the width strip affects 
the capillary channel, and larger width cause a slight decrease in the capillary 
force. In this case, narrower strip should have smaller D hence larger capillary 
force. However, the result in Figure 6.29 indicates that D maintained almost 
unchanged when d <5 mm. This can be attributed to the flow resistance 
within the superoleophilic strip matrix. Smaller d might cause larger flow 
resistance for oil motion within the strip matrix. The reverse effects from the 
increased capillary force and increased flow resistance result in balanced 
wicking ability for I-5.  For series II samples, D become smaller when d2>5 mm, 
which shows a similar trend to that for series I. Smaller d2 (e.g. <3 mm), also 






Figure 6.29 Relationship between superoleophilic strip width d and 
equivalent capillary D for (c) Series I, (d) Series II. 
 
It has been established that liquid on the non-wettable surface is apt to move 
towards the adjacent wettable surface when the distance is small, and such 
an in place directional fluid transport effect is also affected by the wettability 
contrast.[24] To find out the possible in-plane directional oil transport on the 
patterned filters, oil was dropped on the superoleophobic strip surface and 
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observed its movement towards the adjacent superoleophilic strip. As 
expected, the oil droplet (volume of 3 μl) only shifts towards the 
superoleophilic strip when its distance to the superoleophobic-
superoleophilic boundary was less than 0.9 mm (Figure 6.30a). Longer than 
this critical distance, the droplet maintained motionless for a long period of 
time (Figure 6.30b). Such “in-plane” droplet movement should also take 
place within the filter matrix and it will assist in emptying the pores within 
the superoleophobic strip matrices. 
 
Figure 6.30 (a) Photos (video screenshots) of oil droplet motion on sample 
surface from superoleophobic strip to superoleophilic strip (distance≈0.9 
mm). (b) Photos (video screenshots) of oil droplet stay still on 







The effect mechanism for the in-plane patterned filters was proposed here. 
As illustrated in Figure 6.31, when oil droplets hit to the filter, they are 
collected by either superoleophobic or superoleophilic filter zones, which 
follow different oil collection mechanisms. In the superoleophilic zone, oil 
droplets once collected start spreading along fiber surface because of the 
wicking ability in oleophilic capillaries. They accumulate quickly into the 
fibrous structure and form oil films.[22] Some of the fluid drain off the filter in 
the naturally formed channels whereas some others might enter the 
downstream flow, due to breaking of liquid film bubbles for instance. In the 
superoleophobic zones, the oil mists are collected to follow a “bounce-
collide-drain” mechanism.[207] Due to the strong repellency of fiber surfaces, 
the collected oil fluid cannot spread long the fiber surface. Instead, they tend 





Figure 6.31 Effect mechanism of superoleophobic-superoleophilic patterns 
on aerosol oil mist filtration. (a) Different liquid behavior in superoleophobic 
and superoleophilic strips. (b) Single layer filter, (c) non-overlapped dual layer 
filter. 
 
When oil droplets are close to the superoleophobic strip, they are drawn into 
the superoleophilic strips. The superoleophilic strips function like a fluid 
channels while the superoleophobic strips collect oil mists at a high efficiency. 
In this way, the oil fluids collected drain through the superoleophilic strips, 
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leaving most of the pores in superoleophobic strips unblocked, which results 
in low flow resistance and hence the pressure drop. The accumulation of 
more liquid in the superoleophilic strips leads to increase of the chance to 
secondary contaminant, resulting in reduction in efficiency, which happens 
for single layer patterned filter. 
The superoleophilic strip width affects oil wicking and drainage, whereas the 
superoleophobic strip width affects the capability of oil wicking into the 
superoleophilic strip. Within the superoleophobic zone, the oil droplets with 
a distance less than the critical distance to the superoleophilic strips can wick 
into the superoleophilic zone because of the in-plane directional wicking 
capability. Other droplets with a larger distance to the critical distance might 
also be able to wick into the superoleophilic zone under the effect of air flow 
and directional motion of the surrounding droplets. As a result, more liquids 
will wick into the superoleophilic zones. However, if the distance is too large, 
the droplets trapped in the middle areas fail to wick into the superoleophilic 
zones, which leads to increase of pressure drop. Therefore, an optimal strip 
width is expected to allow complete wicking of the oil trapped from the 
superoleophobic to the superoleophilic zones (i.e. I-5).   
For dual layer filters, since the second layer has different wettability to the 
front layer, it reduces the re-entrainment of oil fluid from the front 
superoleophilic matrix (Figures 6.31 b & c). In the case that the 
superoleophobic strip arranges in front, less oil fluid transports to the behind 
superoleophilic strip in comparison to dual layer filter with superoleophobic 
210 
 
layer in front and superoleophilic layer in the rear because of the strong 
wicking to the in plane superoleophilic strips. This not only maintains low 
pressure drop but also increases filtration efficiency. 
 
6.3 Conclusion 
It is shown that in-plane superoleophobic-superoleophilic strip patterns can 
significantly reduce the pressure drop and improve filtration efficiency of 
aerosol oil mist filters. Both superoleophobic and superoleophilic strip widths 
influence the filtration performance. This novel strategy may be useful for 
development of high-efficiency, low resistance, long lifespan aerosol filters 




Chapter 7. Conclusion 
7.1 Summary 
This PhD project aims to enhance the understanding about how fibrous filters 
with super-wettability surfaces affect the aerosol oil-mist filtration 
performance. The major results are concluded below: 
(1) Superoleophobic fibrous filters were successfully achieved by using a wet 
chemical method. Superoleophobic surfaces show great improvement in the 
filtration efficiency for small oil droplets.  A 1.12 mm thickness 
superoleophobic filter could reach a filtration efficiency of 99.44% for small 
oil mists, with 85% lower in downstream oil content, but only 6% increase in 
pressure drop when compared to the untreated filter of the same thickness. 
For large oil mists, the quality factor was twofold higher than that of the 
untreated control filters. The superoleophobic filter had almost 100% 
filtration efficiency with downstream mist subsided close to zero. A “bounce-
collide-drain” mechanism was proposed to explain the improvement of the 
filtration performance.  
(2) Asymmetric wettability in the cross plane direction could have a critical 
effect on oil mist filtration. It could increase the filtration efficiency especially 
for small oil mists but not change the pressure drop much. The filtration 
performance was also determined by wettability arrangement within filter. 
Filtration performance was greatly enhanced when a directional oil transport 
filter was combined with a superoleophobic filter. At the optimal condition, 
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the dual-layer filter reached a filtration efficiency of 99.45% for small oil 
droplets and nearly 100.00% for large oil mists, with the respective quality 
factor of 0.56 kPa-1 and 1.75 kPa-1, respectively. The quality factor was surplus 
to that of the dual-layer filters with homogeneous wettability and 
asymmetric wettability of other superoleophobic/superoleophilic 
combinations.  
(3) In-plane combination of superoleophilic and superoleophobic surface 
could increase aerosol oil-mist filtration efficiency meanwhile largely reduce 
the pressure drop of fibrous filters. When two layers of the fibrous filter that 
have in plane superoleophobic/superoleophilic patterns were packed with 
the superoleophobic and the superoleophilic strips overlapping between the 
layers, the low pressure drop was maintained meanwhile filtration efficiency 
was improved. The pattern strip widths influence the filtration performance. 
The sample with superoleophobic and superoleophilic strip width both 5 mm 
showed the best performance, being 50% reduction in pressure drop and 
slightly improved in filtration efficiency when compared to its control 
counterparts that have either homogenous superoleophobic or a 
homogenous superoleophilic surface. Such a remarkable improvement in 
filtration behavior was originated from the improved wicking capability not 
only within the superoleophilic zones, also from the surrounding 
superoleophobic zone, as well as the unobstructed flow channels within the 




7.2 Suggestions for future work 
To continue the research in this direction, the future works are suggested to 
follow up: 
(1) The long term effect of the superwettability filter is required to be 
confirmed. The study in this thesis was carried out based on pseudo-steady 
state. However, how long the pseudo-steady state could last is not 
demonstrated yet. Study on the long term filtration performance will be 
useful for pushing the materials into practical uses.  
(2) The asymmetric wettability has great potential for minimizing the flow 
resistance during filtration process, promote the drainage route and enhance 
the filtration efficiency. The liquid wicking test and video are not so sufficient 
to explain the directional oil transport and wicking behavior. The liquid 
motion and saturation is also influenced by the filter with asymmetric 
wettability. More research and experiments are suggested to focus on 
systematic studies of filtration mechanisms, including liquid collection, 
saturation, wicking and pressure drop profile.  
(3) In the thesis, filtration tests were carried out in atmosphere pressure. In 
practice, oil mist removal is necessary in wide range of applications, such as 
compressed air ventilation, engine exhaust filters in manufacturing, 
automotive, electronics and engineering, which are involved in high pressure 
processing environment. It is required to evaluate the filtration performance 
and the durability of filter with superwettability working in high pressure 
condition. The filters are required in low speed air flow condition as well, for 
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instance, dehumidification, clean room filters and respirators in food and 
beverage, medical and every life. The air flow speed affect the mist collection 
and drainage which are required to be investigated.  
The future works are suggested to optimize the design of advanced aerosol 
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